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This research work presents a systematic investigation of friction stir welding (FSW)
between aluminum (Al1060) and copper (C11000) using a D2 tool steel, with a focus
on optimizing mechanical performance. Three key factors, i.e., shoulder diameter (18,
20, and 22 mm), tool rotational speed (800, 1000, and 1200 rpm), and welding speed
(90, 120, and 150 mm/min) were selected based on prior studies and preliminary trials.
Ly Taguchi orthogonal array was employed to efficiently evaluate the effects of
selected parameters on tensile and flexural strengths. Multi-response optimization
was performed by combining Taguchi analysis with Grey Relational Analysis (GRA), and
the relative significance of each parameter was quantified using analysis of variance
(ANOVA). The optimal welding condition was identified as a 20 mm shoulder diameter,
1200 rpm rotational speed, and 90 mm/min welding speed, providing maximum tensile
and flexural strengths of 145 MPa and 285 MPa, respectively. ANOVA results showed
that welding speed is the most effective factor affecting tensile strength (49.5%) and
flexural strength (55.8%). Microstructural analysis showed that the selected
parameters could successfully inhibit the overgrowth of intermetallic compounds and
facilitate the refining of SZ, thereby enhancing fracture characteristics and mechanical
properties. The originality of this work is the Hybrid Taguchi-GRA-ANOVA scheme and
microstructure validation for different Al-Cu dissimilar FSW, and its results provide
practical clues to industrial process optimization, finally towards high-strength, reliable
joints with reduced experimental cost and enhanced production efficiency.

1. Introduction
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Aluminium and copper are among the most frequently used metallic materials in modern
automotive, electrical, and refrigeration industries. They both offer distinct advantages that make
them essential in the engineering field. Aluminium and its alloys are highly adaptable, as they have
low density, excellent corrosion resistance, and adequate mechanical strength. These properties of
aluminium contribute to lightweight structures with long service life, making it highly suitable for
applications where lighter weight is the primary priority, without sacrificing performance. Copper, in
comparison, has exceptional electrical and thermal conductivity. These properties made copper the
primary choice for refrigeration coils, bus bars, electrical wiring, and heat exchangers. When such
two metals or their alloys are combined to form a single piece, such as bus bars or electrical
connectors, the designer can take advantage of the supplementary benefits of both. For such
materials, aluminium contributes to weight reduction and corrosion resistance, whereas copper
ensures reliable electrical current conduction and heat transfer. This synergy gives overall
performance and cost advantages that neither material can acquire independently.

Apart from these advantages, the direct joining of aluminium and copper has certain limitations.
Traditional fusion welding processes often result in the formation of brittle intermetallic compounds
(IMCs), such as Al,Cu, which precipitate at the interface of welded joints during high-temperature
welding. These intermetallic compounds, if thicker, lead to a sharp reduction in mechanical reliability.
Additionally, the thermal expansion coefficients and melting temperatures of copper and aluminum
differ significantly, which increases residual stresses during cooling. For crucial AI-Cu components,
fusion welding is not appropriate due to the combination of brittle IMCs and thermal
incompatibilities, which often lead to joint cracking, reduced ductility, and a short fatigue life.

To overcome such limitations, friction stir welding (FSW) has emerged as a reliable solid-state
joining technique. Unlike fusion welding, Friction stir welding was first used as a joining process and
patented by The Welding Institute (TWI) of the UK in 1991 [1]. FSW does not involve bulk melting by
mechanically stirring materials in a plasticized state. The workpieces are softened without passing
over their melting points. This is due to the frictional heat produced by the rotating tool, which
consists of a specially made pin and a shoulder. The plasticized area is where material mixing occurs,
resulting in a metallurgical bond and finely crafted grain structures. It is an environmentally friendly
technique that leverages energy efficiency and versatility to provide a satisfactory combination of
microstructure and mechanical properties in the assemblies [2]. During the FSW process, the material
undergoes intense plastic deformation at elevated temperature, resulting in the formation of fine,
equiaxed recrystallized grains [3], [4]. The degree of IMC formation is significantly reduced, and the
thermal mismatch between copper and aluminum is better accommodated because FSW operates
below the melting temperature. According to studies, FSW can produce Al-Cu joints with significantly
higher tensile strength, ductility, and reliability than fusion welds when process parameters and tool
design are carefully controlled [5, 12]. FSW is used in various industries, including aerospace [6, 9],
automotive [7], and robotics [8].

However, careful optimization of process parameters is important for producing high-quality Al—
Cu friction stir welds. Important parameters that significantly affect weld quality include tool
shoulder diameter, rotational speed, and traverse speed. A lack of heat input can result in void
formation or incomplete bonding, whereas excessive heat can lead to the formation of brittle IMC
layers. The efficiency of material stirring and mixing at the dissimilar interface is also determined by
the tool's geometry. Therefore, optimizing these parameters is a major focus of current research, and
statistical and multi-objective methods are frequently used to systematically assess their effects.

This research explains how a structured experimental process is designed to address these
challenges using a Taguchi L9 orthogonal array. The aluminium alloy (Al1060) and copper (C11000)
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sheets were joined using FSW. D2 tool steel has been specifically chosen for the fabrication of the
tool due to its high wear resistance and thermal stability. The Taguchi method provides an efficient
experimental framework by allowing the systematic study of multiple factors along with a reduced
number of trial runs. For the present research work, three factors, i.e., tool shoulder diameter, tool
rotational speed, and welding speed, have been adopted, with each having three levels. Through the
use of analysis of variance (ANOVA) and signal-to-noise (S/N) ratio calculations, the experimental
design sought to not only quantify the welded joint’s tensile and flexural characteristics under various
conditions but also to demonstrate how these parameters affect mechanical performance.

Also, Grey Relational Analysis (GRA) is very effective when multiple performance objectives need
to be analyzed. For a deeper evaluation, flexural strength and other performance parameters are
required, as tensile strength alone is insufficient to assess weld quality in Al-Cu FSW. The optimal set
of parameters can be accurately identified by combining several observations/results into a single
grey relational grade (GRG).

In addition to mechanical testing, microstructural analysis was conducted to correlate
performance with metallurgical properties. The main focus is to check the thickness and morphology
of intermetallic layers at the joint, and the generation of voids in the stir zone. Previous research
shows that thin, continuous IMC layers can lead to bonding, but higher growth rates compromise
weld-joint performance [12, 23]. By analyzing cross-sections of joints under scanning electron
microscopy (SEM), the links between process settings and mechanical outcomes can be established.

The novelty of this research work lies in its comprehensive approach. A combination of Taguchi
design of experiments (DOE) and multi-response Grey Relation Analysis (GRA) provides a statistically
robust framework for parameter optimization. Additionally, by correlating mechanical results with
microstructural observations, this research provides insight into the fundamental mechanisms
governing weld joint quality. The results of this research are intended to support ongoing efforts to
develop durable Al-Cu joints for various electrical and thermal applications. Currently, energy
efficiency and reduced weight are important factors across industries, from electric mobility to power
distribution. To achieve reliable Al-Cu FSW, recent research has highlighted the need for
advancements in IMC control tool design and real-time process monitoring [12, 13]. By providing
experimental evidence linking metallurgical transformations, process conditions, and mechanical
performance, the current work extends these suggestions.

2. Literature Review
2.1 FSW of Al-Cu metals or alloys

Previous literature addresses friction stir welding and friction stir spot welding of aluminium and
copper. Li et al. [5] provided an early comprehensive review of FSSW between Al and Cu,
documenting typical microstructures, mixing behaviors, and common defect types (voids, tunneling,
and flash. Subsequent experimental studies on AA1060—C11000 confirm that heat input, tool
geometry, and lateral offset critically influence IMC formation and joint strength [11, 23]. Micro- and
macro-scale FSW (including uFSLW) studies indicate that thin-sheet Al-Cu joints are particularly
sensitive to plunge depth, pin profile, and local heat flow [25].

2.2 Controlling Intermetallic Compounds

Intermetallic compounds with their known brittle properties, like CuAl, and AlsCug, are
thermodynamically stable byproducts of Al-Cu diffusion. Their thickness and continuity at the Al—Cu
interface govern whether they function as a thin bonding layer (i.e., advantageous) or as a brittle
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zone (i.e., prone to cracking) [12, 20]. Models for predicting IMC thickness based on heat input and
diffusion kinetics have been proposed [20], and it has been observed through experimental work that
higher rotation speeds and longer dwell times typically result in higher IMC thickness, but they may
also improve mixing and dispersion of Cu particles in the Al matrix if material flow is intense enough
[12].

2.3 Tool material for FSW and its wear

The choice of tools and materials is crucial for dissimilar friction stir welding. Due to its superior
tool life, D2 tool steel (a high-carbon, high-chromium, cold-work tool steel) is most commonly used.
Also, it offers good wear resistance for medium-duty joining operations [22]. It has been observed
that processing D2 tool steel using Friction Stir Processing (FSP) under certain conditions produces
acceptable microstructures [19].

2.4 Process optimization: Taguchi and Grey Relational Analysis

Taguchi orthogonal arrays and Taguchi analysis offer the most economical strategy to investigate
multi-factor parameter spaces. In multi-response optimization, Taguchi is frequently used in
combination with Grey Relational Analysis (GRA), which combines several performance metrics into
a single Grey Relational Grade (GRG) for optimization and ranking [10,21]. Taguchi analysis, when
combined with GRA, always yields the optimal optimization parameters. Kumar et al. [14-18] use this
hybrid technique to optimize parameters for the fabrication and characterization of various
composites. Previous research works illustrate the efficacy of a hybrid combination of Taguchi and
GR Analysis for optimizing tensile strength, hardness, and impact toughness in similar aluminium
welding systems [10, 25].

2.5 Gap Analysis

Gaps still exist in the systematic correlation between Taguchi-driven multi-response optimization
and detailed microstructural IMC quantification for AlI1060—C11000 using D2 tools, despite numerous
studies on Al-Cu FSW and FSSW. Furthermore, many studies focus on tensile characteristics, while
fewer address flexural behavior in thin-sheet joints pertinent to bus-bar applications. By integrating
Taguchi L9 and GRA analysis with tensile and flexural testing, this work fills this gap and offers
suggestions applicable to industrial practice.

Although numerous studies have reported on friction stir welding of dissimilar Al-Cu joints, most
prior work has focused on single-response optimization (in particular, ultimate tensile strength), with
less attention paid to combined mechanical performance. On the contrary, the current work offers a
comprehensive multi-response optimization of tensile and flexural strength for thin-sheet Al1060-
C11000 dissimilar joints, which are direct parameters for electrical bus bars, connectors, and
lightweight current-carrying elements.

Moreover, this research creatively combines Taguchi L9 experimental design with analysis of
variance (ANOVA) and grey relational analysis (GRA) into a single framework for the balanced
optimization of several mechanical properties as a whole, rather than the separate improvement of
each property. Besides statistical optimization, the formed welding process is explained from
metallurgical aspects, including control of heat input, behavior during material flow, suppression of
intermetallic compounds (IMCs), and microstructural refinement within the stir zone, and the
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observed mechanical properties. This statistical-metallurgical coupled interpretation clearly
distinguishes our work from previous studies on the optimization of Al-Cu friction stir welding. The
main objectives of this research work are:

e To measure the tensile and flexural properties of Al-Cu friction stir welding joints for nine
different configurations.

e To examine the effect of tool shoulder diameter, rotational speed, and welding speed

e Toimplement Grey Relational Analysis for multi-objective optimization to verify the results of
Taguchi analysis; and

e To correlate the weld joint performance with microstructural evolution.

3. Materials and Methods
3.1 Materials

Sheets of pure copper C11000 and pure aluminum AlI1060 were chosen. In this present
investigation, sheets of 3 mm thickness were used. Specimen edges were properly milled and
degreased before welding to attain a proper weld joint.

3.2 Machine and Tool

The friction stir welding machine used for welding could monitor force and torque. Standardized
methods for clamping and backing plates reduce heat loss and movement. Figure 1 shows the
pictorial view of the FSW machine with fixtures.

Fig. 1. FSW machine with fixtures

As shown in Figure 2, Heat-treated D2 tool steel, with enhanced wear resistance, was used as a
welding tool. The tool shoulder diameters tested were 18, 20, and 22 mm; the pin profile was a
threaded cylindrical/conical pin with a nominal pin length equal to the plate thickness minus 0.1-0.2
mm.

Fig. 2. D2 Steel Tool
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3.3 Experimental Design

A Taguchi Lo orthogonal array with three factors and three levels each was used. The selected
three key factors are device shoulder diameter, tool rotational speed, and welding speed. The
different levels for these three factors are 18 mm, 20 mm, and 22 mm; 800 rpm, 1000 rpm, and 1200
rpm; and 90 mm/min, 120 mm/min, and 150 mm/min, respectively. The selection of these levels is
based on previous research and preliminary trials. The systematic combination of these factors in an
L9 orthogonal array allows the overall number of experimental runs to be limited while preserving
the statistical significance of the data.

Table 1
Factors with their corresponding levels for FSW

Factors |, Levels - 1 2 3
Shoulder diameter (mm) 18 20 22
Tool rotational speed (rpm) 800 1000 1200
Welding speed (mm/min) 90 120 150

After entering the input data into Minitab 19, the L9 Orthogonal Array shown in Table 2 was found
to be most suitable for Taguchi analysis.

Table 2
Lo Orthogonal Array
Run Shoulder (mm) Rotational Speed (rpm) Welding Speed (mm/min)

1 18 800 90
2 18 1000 120
3 18 1200 150
4 20 800 120
5 20 1000 150
6 20 1200 90
7 22 800 150
8 22 1000 90
9 22 1200 120

The Friction stir welding starts with firmly clamping the aluminum and copper sheets. Proper
clamping is necessary to prevent any movement during the welding process. Then, the non-
consumable rotating D2 steel tool with a shoulder and a pin is positioned above the joint line between
the two sheets. Then this rotating tool is pressed into the joints of the two sheets. Friction between
this tool and the joint between two sheets generates localized heat, softening the material in the
vicinity of the pin without melting it. After inserting the tool to the required depth, it is held there for
a short period. By doing so, the material at the joint is heated and plasticized, making it sufficiently
soft for stirring. The tool follows the joint line during forward motion, and at the same time, the pin
stirs and mixes the softened material on both sides, while the shoulder forges the material behind
the tool and adds more frictional heating, leading to a solid-state bond. Material from both the
advancing and retreating sides flows around the pin due to the tool's rotation, mixing and solidifying
in its wake, thereby developing a fine-grained microstructure in the weld zone. A fine-grained
microstructure forms in the weld zone as material from the retreating and advancing sides flows
around the pin from the tool's rotation, mixes, and solidifies in its wake. The tool is gradually
withdrawn when it reaches the end of the weld joint and completes the welding. The tool is gradually
removed as the weld approaches the joint's end. Figure 3 shows the initial, middle, and final stages
of the first FSW-fabricated specimen.

18



Malaysian Journal on Composite Science and Manufacturing
Volume 19, Issue 1 (2026) 13-31

Fig. 3. Initial, middle, and final welding stages

After welding, three specimens for each of nine different runs, as per the Taguchi L9 orthogonal
array, have been prepared for tensile testing using the ASTM D638 subsize geometry for thin sheets.
Tensile tests were performed on a Universal Testing Machine with a constant crosshead speed of 2
mm/min. Figure 4 (a) shows three test specimens before the tensile tests.

Fig. 4 (a). Specimens for Tensile Testing (b). Specimens after Tensile Testing

Figure 4(b) shows images of the nine specimens tested under uniaxial tensile testing, and it
presents the tensile-strength results for friction-stir-welded joints. Each specimen is clamped in a
universal testing machine and loaded gradually in tension until fracture. Each sample will provide a
stress—strain curve that reveals elastic deformation, yielding, plastic flow, and finally fracture. Based
on the fracture location, found in the gauge region of each specimen, the weld zone is typically the
weakest area relative to the base metal. While some samples exhibit brittle behavior (flat, sharp
breaks), others show ductile behavior (significant necking and elongation). The observation of
variation in fracture patterns across different samples reflects the effect of varying welding
parameters on the microstructure and mechanical properties. This will help in identifying the optimal
process parameters that lead to higher tensile strength and better joint quality.

The tensile strengths of the weldments are shown in Table 3. These are the average tensile
strengths obtained from testing three specimens per run.
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Table 3

Weldments tensile strengths

Run Shoulder Rotational Welding Speed Tensile Strength
(mm) Speed (rpm) (mm/min) (MPa)
1 18 800 90 125
2 18 1000 120 118
3 18 1200 150 128
4 20 800 120 130
5 20 1000 150 120
6 20 1200 90 145
7 22 800 150 110
8 22 1000 90 140
9 22 1200 120 128

One method of testing materials is the bending test, which involves applying a load to determine
the material's bending strength. ASTM D790 was used to conduct this test. Each specimen measured
150 mm in length, 10 mm in width, and 3 mm in thickness. The test was conducted with a constant
load applied to the specimen, which was positioned on the UTM machine fixtures as depicted in
Figure 5. Peak load values are calculated for each specimen. The flexural strength of various
specimens can be determined using a formula based on the theory of the three-point bend test. The
bending test, which evaluated the joint strength (bond strength) of the weld samples, was completed

successfully.

Fig. 5. Flexural Testing Set Up

The weldments Flexural strengths are shown in Table 4. These are the average values of the
flexural strength observed after testing three specimens for each run.

Table 4
Weldments flexural strengths
Run Shoulder Rotational Welding Speed Flexural
(mm) Speed (rpm) (mm/min) Strength (MPa)
1 18 800 90 240
2 18 1000 120 252
3 18 1200 150 247
4 20 800 120 245
5 20 1000 150 220
6 20 1200 90 285
7 22 800 150 200
8 22 1000 90 270
9 22 1200 120 250
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3.4 Microstructural analysis

Microstructural characterization of the weld in a friction stir-welded (FSW) joint is crucial for
understanding the joint's integrity and performance. Microstructures were observed on transverse-
section samples prepared according to standard metallographic methods. The samples were initially
cold-cast in epoxy resin and then ground incrementally with SiC abrasive papers of successively finer
grain sizes. The specimens were polished using a fine abrasive alumina suspension and used for the
mirror surface polishing.

The polished samples were etched with Keller’s reagent to clearly show the microstructures and
the Al-Cu interface. Analyses of the microstructure and fracture surface were carried out using an
SEM with the appropriate accelerating voltage and working distance to achieve an acceptable
resolution. The morphology of the fracture and the quality of the material flow through and at the
interfaces in welded joints were qualitatively characterized using SEM examination.

3.5 Taguchi & Grey Relational Analysis

Taguchi analysis is a statistical optimization technique used to determine the effects of selected
process parameters on response characteristics with a minimum number of experiments. For this
research, the Taguchi method has been adopted to evaluate the effects of welding parameters on
mechanical properties, including ultimate tensile strength (UTS) and flexural strength. Signal-to-
Noise (S/N) ratios have been calculated for both types of responses by selecting the “larger-is-better”
option, as higher mechanical strength is desired. The process’s resilience to changes was evaluated
by examining S/N ratios, which also enabled the identification of parameter settings that optimize
mechanical performance. Additionally, an Analysis of Variance (ANOVA) has been performed on the
S/N ratios to assess the contribution of each factor and determine which welding parameters have
the greatest impact on the mechanical properties.

Whereas Taguchi analysis is effective for optimizing a single response, Grey Relational Analysis
(GRA) allows simultaneous optimization of multiple responses, initially by normalizing the S/N ratios
of the two responses to values between 0 and 1. Thereafter, the Grey Relational Coefficients (GRC)
were calculated using a constant coefficient of 0.5 (commonly used in all GR Analysis), which balances
data-point differentiation and sensitivity. Then, the Grey Relational Grades (GRGs) have been
calculated for each experiment by taking the arithmetic mean of the GRCs for both responses, with
equal weighting. A higher GRG value ensures the optimized performance of the process parameters
with respect to both the responses, i.e., tensile and flexural strength. Grey Relation Analysis reduces
a multi-response optimization problem to a single composite index.

4. Results
4.1 Raw mechanical data

The combined experimental results for tensile and flexural strength, obtained from nine runs, are
shown in Table 5. To improve the results, the table above uses the average of three repeats per run
(mean % SD).
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Table 5

Experimental results of Tensile and Flexural strength

Run Tensile Strength (MPa) Flexural Strength (MPa)
1 125 240
2 118 252
3 128 247
4 130 245
5 120 220
6 145 285
7 110 200
8 140 270
9 128 250

Three independent experiments were performed for each experimental condition, and the tensile
and flexural strength values are presented as the mean of these replicates. The similar features of
the measured responses across different repeatability runs provide fairly strong evidence of
acceptable experimental reproducibility in parameter selection. The statistical analysis here is based
on the average response value because of the relatively small number of repetitions in the Taguchi
L9 design, rather than on full interval estimation.

4.2 Taguchi S/N Ratio Calculations (Larger-is-Better)

S/N ratios were calculated for each response using the larger-is-better formulation: S/N = -10 *
log10 (mean(1/Y~2)). Table 6 lists S/N values for tensile and flexural responses.

Table 6
Experimental Runs with Measured Responses and S/N Ratios for two responses
Run Tensile Strength Flexural Strength S/N (Tensile) S/N (Flexural)
(MPa) (MPa) dB dB

1 125 240 41.94 47.6
2 118 252 41.44 48.03
3 128 247 42.14 47.85
4 130 245 42.28 47.78
5 120 220 41.58 46.85
6 145 285 43.23 49.09
7 110 200 40.83 46.02
8 140 270 42.92 48.61
9 128 250 42.14 47.96

Table 7

Response Table for S/N Ratios (Larger is better) for Tensile Strength

Level Shoulder (mm) RPM Weld Speed (mm/min)

1 47.83 47.14 48.44

2 47.91 47.83 47.92

3 47.54 48.30 46.91

Delta 0.37 1.17 1.54

Rank 3 2 1
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Figure 6 shows the effect of shoulder diameter, rotational speed (RPM), and weld speed on
the S/N ratios for tensile strength under the “larger-is-better” option. The graph indicates that
shoulder diameter has a very mild effect, with higher performance at 20 mm. In contrast, RPM has a
very strong positive effect, as shown in the S/N plot: higher speeds significantly improve the mean
S/N ratio, with an optimal range of 1200 RPM. The effect of welding speed is most noticeable: the
highest S/N ratio is obtained at a low speed of 90 mm/min, and performance gradually declines as
the speed increases to 150 mm/min. According to the S/N plot, the optimal combination for
performance is a 20 mm shoulder, 1200 RPM, and a 90 mm/min weld speed.

Main Effects Plot for SN ratios

Data Means

Shoulder {mm) RPM WeldSpeed (mm/min)

Mean of SN ratios
-y
~
[--]

=~
~
kN

=~
~
o

47.0

18 20 22 800 1000 1200 20 120 150

Signal-to-noise: Larger is better

Fig. 6. Graph for S/N Ratios for Tensile Strength

Table 8

Response Table for S/N Ratios (Larger is better) for Flexural Strength
Level Shoulder (mm) RPM Weld Speed (mm/min)
1 47.83 47.14 48.44

2 47.91 47.83 47.92

3 47.54 48.30 46.91

Delta 0.37 1.17 1.54

Rank 3 2 1

Figure 7 shows the effect of shoulder diameter, rotational speed (RPM), and weld speed on the
S/N ratios for flexural strength under the “larger-is-better” criteria. Figure 7 shows that, likewise to
that of the tensile test S/N plot, shoulder diameter have a very mild effect, with higher performance
at 20 mm. But the RPM has a very strong positive effect, which is visible in the S/N graph, in that the
higher speeds significantly improve the mean S/N ratio, at an optimal range of 1200 RPM. For welding
speed, the highest S/N ratio is obtained at a low welding speed of 90 mm/min, and the performance
gradually declines as the speed rises to 150 mm/min. Again, as per the S/N plot of flexural strength,
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the optimal combination for best results is a 20 mm shoulder, 1200 RPM, and a 90 mm/min weld

speed.
Main Effects Plot for SN ratios
Data Means
Shoulder (mm) RPM WeldSpeed (mm/min)
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Fig. 7. Graph for S/N Ratios for Flexural Strength
4.3 ANOVA of tensile and flexural strength

ANOVA has been performed to estimate the percentage contribution of each factor for both the
responses, i.e., tensile and flexural strength.

4.3.1 ANOVA results for S/N (Tensile)

Table 9 presents the ANOVA analysis of the S/N ratios to estimate the percentage contribution of
each factor to tensile strength.

Table 9

ANOVA analysis for Tensile Strength (S/N ratio)

Source Sum of Squares d.f. F-value p-value % Contribution
Shoulder 0.449 2 0.648 0.607 10.42%
RPM 1.034 2 1.493 0.401 23.99%
Speed 2.136 2 3.083 0.245 49.53%
Residual 0.693 2 - - 16.06%

From the ANOVA analysis table, it has been observed that weld speed is the most influential factor
for the tensile strength of the weld joint, accounting for approximately 49.5% of the variation,
followed by RPM (24%) and shoulder diameter (10.4%). Also, none of the used parameters are
statistically significant at the 95% confidence level; however, weld speed dominates tensile strength,
underscoring its crucial role in controlling joint quality.
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4.3.2 ANOVA results for S/N (Flexural)

Table 10 presents the ANOVA analysis of the S/N ratios to estimate the percentage contribution
of each factor to tensile strength.

Table 10

ANOVA analysis for Flexural Strength (S/N ratio)

Source Sum of Squares d.f. F-value p-value % Contribution
Shoulder 0.236 2 0.418 0.705 3.64%
RPM 2.067 2 3.654 0.215 31.84%
Speed 3.624 2 6.406 0.135 55.81%
Residual 0.566 2 - - 8.71%

The one-way analysis of variance (ANOVA) results showed that none of the process parameters
was statistically significant at the 95% confidence level, since all p-values were greater than 0.05. The
effect is primarily due to the limited degrees of freedom in the Taguchi L9 orthogonal array, which
limits the statistical power for hypothesis testing. However, the ANOVA result provides useful
information through percentage contributions, from which we can gain an impression of the relative
effects of individual parameters on the responses.

4.3 Grey Relational Analysis (GRA)

The values of the two responses have been normalized (larger-is-better) to the range 0-1.
Deviations and Grey Relational Coefficients (GRCs) have been calculated using a constant coefficient
{ = 0.5. Grey Relational Grades (GRGs) have been computed as the mean of the GRCs (equal
weighting). Table 11 shows the normalized values, deviation, GRC, and GRG.

Table 11

Normalization, Deviation, GRC, and GRG for each run (higher GRG = better)
Run Normalized Normalized Devi. Seq. Devi. Seq. GRC GRC GRG

Values (Tensile) values (Flexural) (Tensile) (Flexural) Tensile Flexural

1 0.4286 0.4706 0.5714 0.5294 0.4667 0.486 0.476
2 0.2286 0.6118 0.7714 0.3882 0.3933 0.563 0.478
3 0.5143 0.5529 0.4857 0.4471 0.5072 0.528 0.517
4 0.5714 0.5294 0.4286 0.4706 0.5385 0.515 0.526
5 0.2857 0.2353 0.7143 0.7647 0.4118 0.395 0.403
6 1.0000 1.0000 0.0000 0.0000 1.0000 1.0000 1.0000
7 0.0000 0.0000 1.0000 1.0000 0.3333 0.333 0.333
8 0.8571 0.8235 0.1429 0.1765 0.7778 0.739 0.758
9 0.5143 0.5882 0.4857 0.4118 0.5072 0.548 0.527

The GRA table shows that, among nine experimental runs, Run 6 achieved the highest grey
relational grade of 1, indicating the best performance in both tensile and flexural strength, suggesting
that the parameter combination used in Run 6 provides the most balanced and optimal mechanical
properties. Runs 4 and 9 have moderate GRG values of 0.526-0.527, indicating satisfactory but not
acceptable results. The GRG value for Run 8 is 0.758, showing a strong performance for both
responses. Furthermore, Run 7 has the lowest GRG valve at 0.333, reflecting the lowest combined
performance for both responses.
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5. Discussion

Tensile and flexural testing of nine distinct process parameter combinations, as designed by the
Taguchi L9 orthogonal array, has been used to assess the mechanical behaviour of aluminium—copper
friction stir-welded (FSW) joints. The measured tensile and flexural strengths varied from 110 to 145
MPa and 200 to 285 MPa, respectively. These results showed a strong dependence on welding speed,
rotational speed, and tool shoulder diameter.

5.1. Taguchi Analysis of Tensile and Flexural Strength

The larger-is-better criterion was used to calculate the signal-to-noise (S/N) ratios for tensile and
flexural strengths. The graphs for S/N ratios show the effect of the three selected process
parameters, i.e. shoulder diameter, rotational speed (RPM), and weld speed, on the joint
performance. Among these factors, weld speed has the greatest effect, with the highest S/N ratio at
90 mm/min and a sharp decline at 150 mm/min, indicating that a lower weld speed is best for
achieving optimal joint strength. This suggests that while higher traverse speeds shorten the tool-
workpiece interaction time and can lead to defects such as voids or inadequate bonding, lower
traverse speeds encourage adequate heat input and material mixing. RPM is the next influential
parameter, whose performance improves steadily from 800 to 1200 rpm, at which the maximum S/N
ratio is obtained. It has been found that at higher RPMs, the plastic deformation, stirring efficiency,
and heat generation. Also, the strength increased steadily as RPM increased. Excessive RPM,
however, may increase the formation of thick intermetallic compounds (IMC). Although shoulder
diameter has the least impact, 20 mm offers a slightly higher S/N ratio than 18 and 22 mm. Lower
shoulder diameter provides insufficient heat, while excessive flash formation may be provided by
employing the largest shoulder diameter.

The Taguchi analysis indicates that the ideal set of parameters for a perfect weld joint is a 20 mm
shoulder diameter, a 1200 rpm rotational speed, and a 90 mm/min weld speed. So, from this analysis,
it has been observed that shoulder diameter has a relatively small impact on joint quality, whereas
weld speed and RPM dominate.

5.2 Grey Relational Analysis (GRA)

Since both tensile and flexural strength are critical in assessing joint quality, Grey Relational
Analysis was performed for multi-response optimization. The Grey Relational Analysis (GRA) result is
based on the normalized values of tensile and flexural strength, and it clearly reveals the relative
performance of each experimental run. Normalization values followed by deviation sequences have
been calculated for the two responses. Then, using a distinguishing coefficient of 0.5, the Grey
Relational Coefficients (GRCs) have been computed. Finally, the Grey Relational Grades (GRGs) have
been obtained by averaging the two GRCs for tensile and flexural strength. These GRGs provide a
single performance index for multi-objective optimization. GRA shows that Run 6 exhibits the highest
GRG value of 1 and that this experimental run has the best combined tensile and flexural
performance among all trials. Following Run 6 are Runs 8 and 9, both of which exhibit strong
performance with GRG values of 0.758 and 0.527, respectively. Runs 1-4 have moderate GRG values
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ranging from 0.476 to 0.526. With GRG values of 0.403 and 0.333, respectively, runs 5 and 7 have the
lowest rank and exhibit subpar tensile and flexural performance. Finally, Grey Relation Analysis
indicates that Run 6 with 20 mm shoulder diameter, 1200 rpm rotational speed, and 90 mm/min
weld speed, is the optimal parameter setting for balancing both mechanical properties.

The GRA results, which strongly support Taguchi's findings, thus highlight the importance of low
welding speed and high rotational speed in enhancing joint strength.

5.3. ANOVA Results

Although the ANOVA analysis at the 95% confidence level does not show statistical significance,
the observed trends in S/N ratios and percent contribution values clearly indicate that this model
identifies welding speed as the most influential factor, followed by rotational speed and tool shoulder
diameter. Interpretation of this sort, based on trends such as the above, is standard practice in
Taguchi-based optimization studies with limited CRD's for screening, because the focus is often on
parameter ranking and process optimization rather than on inferential statistics.

The present findings are considered trend-significant rather than statistically significant; this
potential limitation was explicitly addressed to preclude overinterpretation of statistical results.
Although the present research ensures repeatability by averaging repeated measurements within
each experimental run, confidence interval estimation and statistical spread plots are absent in some
previous reports. Such a conditional analysis can be considered in future research using a larger
experimental dataset to provide more comprehensive quantification of variability and uncertainty.

5.4 Heat Input Considerations

In friction stir welding, the effective heat input is predominantly controlled by the tool rotation
speed and welding (travel) speed, which collectively influence the generation of frictional heat and
the plasticization of the material. Direct calorimetric measurement of heat input was beyond the
scope of the present experimental setup.

Adequate plasticizing time and good material flow in the stir zone were achieved due to lower
welding speeds and moderate—high rotational speeds in this study. This was beneficial for forming
sound joints and for suppressing Al-Cu interface IMC growth. On the other hand, excessively high
welding speeds shortened the tool-material interaction time, resulting in insufficient heat generation
and a lower degree of consolidation, possibly creating voids or areas with weak bonding.

The results indicated that the ideal heat input is crucial to the trade-off among material flow,
microstructural refinement, and IMC control, which directly affects the tensile and flexural
performance of dissimilar AI1060—C11000 Friction Stir Welded joints.

5.5 Microstructural Correlation

The microstructural examination in this research is primarily based on SEM characterization of a
fractured surface, which provides an indication of the prevailing failure modes for each process
parameter combination. Direct zone-specific imaging of the stir zone (SZ), thermo-mechanically
affected zone (TMAZ), and heat-affected zone (HAZ), as well as quantitative measurements of
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intermetallic compound (IMC) thickness, were not conducted; however, there exists an analytical
relationship between observed mechanical responses and known metallurgical behaviours reported
in the literature. SEM images were acquired at appropriate magnifications, with corresponding scale
bars as indicated in the figure. These SEM images, displayed in Figures 11 (a, b), show the fracture
surfaces of tensile-tested friction stir welded (FSW) joints.

- N - _‘l_l_a_i_i_a_l_l
TM3030_2952 D9.5 x2.0k 10 prm TM3030_2852 D85 x2.0k 30 pm

(a) (b)
Fig. 11. (a, b) SEM images of fracture surfaces of tensile-tested (FSW) joints

Figure 11(a) shows the SEM image of the fracture surface of one of the tensile specimens, and it
has been observed that the surface is highly porous and dimpled, with several deep cavities. This type
of morphology is found in ductile fracture, where micro-void nucleation, growth, and coalescence
exist. The presence of interconnected dimples indicates that plastic deformation occurred before the
final fracture, demonstrating that the weld metal still retains some ductility. On the other hand, the
uniform distribution of dimples means proper bonding at the stir zone. But the depth and size of the
voids indicate the localized weak regions.

Figure 11(b), for another test specimen, shows that the surface has a more elongated, fibrous
structure, with tear patterns and ridges. The elongated characteristics, which are indicative of ductile
tearing, imply plastic flow under tensile loading. Compared with the image in Figure 11(a), this
surface appears rougher and more uneven, indicating that fracture initiation occurs in the weaker
regions (probably at the weld interface). A transition region is visible in the finer distribution of
dimples mixed with tearing ridges. It is still ductile, but it may be influenced by microstructural
heterogeneity from the FSW process.

Both images confirm that the welds primarily failed by ductile fracture, with dimple rupture as the
dominant mechanism. Differences in intermetallic compound distribution, local heat input, or weld
parameters could all contribute to the differences in surface morphology between the two samples.

Economically optimal parameter combinations for sensible heat input should facilitate stir-zone
grain refinement and IMC control at the Al-Cu interface, thereby increasing joint strength. On the
other hand, excessive heat input can promote IMC growth and embrittlement, while insufficient heat
input may result in inadequate material mixing and lower-quality interfacial bonding. The observed
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fracture morphologies are consistent with the expected microstructural responses, providing a
mechanistic interpretation of the mechanical response even without direct IMC quantification.

It has been found that enough frictional heat is produced at a combination of higher tool
rotational speeds and lower welding speeds to enable dynamic recrystallization in the stir zone,
resulting in fine equiaxed grains and robust metallurgical bonding. However, too-fast speeds reduce
heat input, leading to void formation or insufficient mixing.

The abrasion behavior trends are similar to those reported in previous studies of dissimilar Al-Cu
friction stir welded joints. A number of researchers have also reported that lower welding speeds and
moderate rotational velocity result in sufficient heat input, better material flow, and increased joint
strength by controlling unwanted intermetallic compound (IMC) formation at the Al-Cu interface.
The current findings show a consistent trend: optimized parameter combinations and strengths
improve tensile and flexural properties, revealing the ductile nature of fracture.

In contrast, work at higher speeds has reported inadequate mixing and internal defects, resulting
in lower joint efficiency. A similar decrease in mechanical properties was observed in the current
work at higher welding speeds and can be attributed to reduced interaction time between the tool
and the material, leading to insufficient plasticization.

In addition, the literature reports that high heat input may accelerate IMC growth and induce
brittle fracture modes. The observed crack morphologies in the current work at high heat input, in
conformance with these observations, support the metallurgical interpretation of these results. In
general, the agreement between the present observations and the literature trends indicates that
the applied Taguchi—GRA optimization procedure is reliable.

6. Conclusions

This research work systematically investigated the friction stir welding of Al1060 and C11000
copper sheets using a hybrid combination of Taguchi Analysis (Ls orthogonal array) and Grey
Relational Analysis. The key findings from this research work are as follows:

e Mechanical properties were significantly impacted by the process variables that were chosen.
The range of tensile and flexural strengths was 110-145 MPa and 200-285 MPa, respectively.

e According to Taguchi S/N ratio analysis, welding speed is the most crucial factor, followed by
RPM, with shoulder diameter carrying the minimum effect.

e According to Grey Relation Analysis, the best final performance was attained for the 6th
experimental Run i.e., for 20 mm shoulder diameter, 1200 RPM, and 90 mm/min weld speed
with tensile strength 145 MPa and Flexural Strength as 285 MPa.

e ANOVA results quantified the factor contributions and indicated that the welding speed was
the most important factor in controlling weld joint quality, both tensile (49.5%) and flexural
(55.8%) strength.

e The best parameters according to microstructural reasoning restrict the growth of
intermetallic compounds and encourage fine-grained stir zone structures, which are directly
associated with better mechanical performance. In this work, the focus is on mechanical
behavior and fracture surface observation in dissimilar Al-Cu FSW joints. The quantitative
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description of intermetallic compound thickness and the detailed zone-wise microstructural
observation (SZ, TMAZ, and HAZ) are not the focus of this work, but are recognized as study
limitations.

This research work provides a hybrid, statistically precise framework for process optimization and
useful insights for fabricating strong, durable Al-Cu FSW joints. These joints have significant potential
for lightweight electrical and thermal applications, such as connectors, heat exchangers, and bus
bars.
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