
162

INTRODUCTION

The simplicity of a desirability function ap-
proach has led to its popularity in multi-objective 
optimization. This study experimentally examines 
the effects of process variables, namely traverse 
speed, rotational speed, and stress concentration 
factor (hole diameter), on the mechanical charac-
teristics (tensile strength and hardness value) and 
weld quality level of a butt joint AA6061-T6 un-
dergoing friction stir welding (FSW). The varia-
tions in the mechanical properties (tensile strength 
and hardness) that were observed are described by 
the Taguchi design. A Taguchi-based design has 
been used to account for every potential elemental 
combination for a thorough examination. A desir-
ability function is used to optimize every response 
at once. The numerous benefits of FSW over com-
monly used fusion welding, including the finer 
microstructure in the stir zone, minimal distor-
tion and reduction from solidification, low-stress 

concentrations, and weld defects with less residual 
stress, are primarily responsible for its widespread 
use. Optimizing the FSW parameters, including 
travel speed, downward forging force, pin tool de-
sign, and the shoulder-pin assembly’s revolutions 
per minute, is the main factor in achieving the op-
timal low-defect FSW joint. Chand and Bunyan 
[1] highlighted the effectiveness of the Taguchi
method for controlling FSW parameters. Raheef
et al. [2] examined the influence of revolution
speed on the mechanical properties in friction stir
spot welding. Qasim [3] modeled the behavior of
shape alloys under mechanical loading, relevant
to material deformation. Muhammad et al. [4]
proposed a multi-objective Taguchi and response
surface methodology model for resistance spot
welding. Hamzah and Hussein [5] and Barrak et
al. [6] studied the mechanical behavior of dissimi-
lar steel alloys. Elangovan et al. [7] developed a
mathematical model predicting tensile strength in
FSW of AA6061.
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FSW-treated material does not melt and re-
cast. Therefore, the end product has advantages 
over traditional arc weldments, including reduced 
weld flaws and improved mechanical qualities in 
the weld zone. FSW uses significantly less energy 
and has emerged as one of the most significant 
solid-state joining techniques in recent years. Nu-
merous previous studies on the impact of traverse 
and rotational speed on the mechanical proper-
ties, microstructure, weld profile, and corrosion 
characteristics of FSW joints of aluminium al-
loys, specifically AA6061-T6, have established 
the significance of these governing parameters. 
Muad et al. [8] and Lakshminarayanan and Bala-
subramanian [9] optimized FSW parameters for 
aluminum alloys using Taguchi design. Hamzah 
et al. [10] assessed how process parameters af-
fect mechanical behavior in AISI 316 welds. Go-
palsamy et al. [11] used Taguchi and ANOVA to 
optimize machining parameters in hardened steel. 
Telford [12] provided foundational concepts in 
the design of experimental methodology.

In addition to saving time, welding settings for 
different alloys will be optimized and formulated, 
which will drastically save the expenses of con-
ducting studies. In order to ascertain the impact 
of each parameter on tensile strength and the ideal 
conditions of the friction stir welding process for 
aluminium joints, this study has attempted to ex-
amine the effects of rotational speed, travel speed, 
and plate position parameters on the properties of 
alloy joints [13–15]. 

Furthermore, local plastic zones in weld-
ments may result from a high-stress concentra-
tion. In these situations, the plastic zone might be 
an appropriate parameter to establish more pre-
cise weldment life estimates. Fine and equiaxed 
dynamic-recrystallized grains are produced in the 
stir zone (SZ) by frictional heat and plastic flow 
during FSW. In contrast, elongated and recovered 
grains are produced in the thermomechanically 
affected zone (TMAZ). Since there is no differ-
ence in the grain structure from the base metal, 
the heat-affected zone (HAZ) is frequently recog-
nized using just changes in material hardness. The 
dissolving and coarsening of the strengthening 
precipitates during friction stir welding are char-
acteristics of this softening HAZ area [16–20]. 

In many studies involving the FSW process, 
the tool rotational and transversal speeds were 
the most important factors in welding heat. Para-
bolic influences other parameters like the arm 
used and processing speed; a lower cooling rate 

is achieved, resulting in less susceptibility of the 
material to solidification cracking. The significant 
advantages of this process are reduced tempera-
ture, grain growth, and the ability to form alu-
minum weld parts that are not weldable by other 
techniques [21–24].

FSW has been used successfully for welding 
structurally critical and heat-sensitive aerospace 
materials, such as Al alloys, titanium alloys, and 
aluminum metal matrix composites. However, 
several welding procedures and parameters are 
used to achieve good welds. Some studies have 
proposed optimizing these procedures and pa-
rameters to obtain suitable welds in terms of ma-
terial properties, such as formability, resistance 
to fatigue, ultimate tensile stress, and fatigue 
life. Tool geometry, FSW parameters, tool rota-
tion, and translation modes can influence such 
properties. The main purpose of this paper is the 
multi-objective optimization of the welding tool’s 
geometry and some FSW parameters for joining 
aluminum plates using an innovative technique to 
improve the friction stir welding process [25–27].

Using a multi-optimization approach by de-
sirability function, the current study aims to opti-
mize the variation of the rotational, traverse speed, 
and stress concentration factor (hole diameter) on 
the mechanical properties (tensile strength and 
hardness value) and weld quality class of a butt 
joint Al6061of a 6mm thick plate.

EXPERIMENTAL PROCEDURE

The Taguchi design was used to optimize the 
FSW parameters, which include the rotational, 
traverse speed, and stress concentration factor 
(hole diameter), using an L9 orthogonal array 
made up of three columns and three rows. The 
next stage in the Taguchi parameter design is to 
experiment with choosing the orthogonal array. In 
this study, the aluminium alloy AA6061-T6 was 
utilized. All of the welding were done in butt joint 
configurations with straight edge preparation on 
plates that had been rolled to 6-mm thick portions 
perpendicular to the rolling direction (RD). Ta-
ble 1 lists the workpiece’s chemical composition, 
and Table 2 shows the mechanical properties.

To choose a suitable orthogonal array of ex-
periments, the total degrees of freedom (DOF) 
must be calculated using the Taguchi method-
based design of experiments. The DOF is the 
number of FSW parameter comparisons required 
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to identify the higher level and, more precisely, 
the degree of superiority. A three-level FSW pa-
rameter, for instance, has two DOFs. Due to its 8 
DOF, the L9 orthogonal array used in this study 
is displayed in Table 3. It can support up to three 
interactions and nine three-level parameters.

Plates made of the aluminum alloy AA6061-
T6 and 6 mm thick were utilized. Every welding 
operation was carried out perpendicular to the 
rolling direction (RD) in butt joint designs with 
straight edge preparation. For tensile and hardness 
tests, specimens were taken from the nugget zone 
(NZ) of every welded plate. The ultimate tensile 
strength of the welded joints was measured using a 
universal tensile testing machine. The micro-hard-
ness across the Nugget Zone was assessed using 
a Vickers hardness tester. Minitab software was 
used to analyze and optimize the data using the 
desirable function and response surface methods. 
Three primary factors were evaluated using an L9 
orthogonal array and the Taguchi design approach.

Based on the Triangular Table for 3-level OA, 
the factors are assigned to the array’s columns. 
Table 4 displays the L9 OA along with the col-
umn assignments. The array’s primary parameter 
columns (A, B, and C) have values in each cell 
that represent their levels (1, 2, and 3).

RESULTS AND DISCUSSION

Ultimate stress

The FSW joints’ uniaxial tensile tests offer 
important data about the welded samples’ me-
chanical performance, especially with consider-
ation for load-bearing capability and the influence 
of different tool parameters on joint strength. The 
Young modulus and Poisson’s ratio are not de-
pendent on the friction-stir welding parameters. 
The objective in the zone of the weld is to predict 
the mechanical behavior of the weld as a function 
of welding parameters and thus to present good 

Table 1. Chemical composition of AA6061-T6 alloy
Al Cr Mg Mn Si Ti Zn Fe

bal 0.22 0.89 0.12 0.5 0.12 0.11 0.55

Table 2. Mechanical properties of AA6061 alloy
Tensile strength (MPa) Yield strength σy(MPa) % Elongation

340 290 11

Table 3. Friction stir welding parameters and their levels
FSW parameter Symbol Level 1 Level 2 Level 3

Rotational speed (RPM) A 700 800 1200

Traverse speed (mm/s) B 0.5 0.8 1

Hole diameter (mm) C 6 8 10

Table 4. L9 orthogonal array with main parameters
No. Rotational speed (RPM) Traverse speed (mm/s) Hole diameter (mm)

1 700 0.5 6

2 700 0.8 8

3 700 1 10

4 800 0.5 8

5 800 0.8 10

6 800 1 6

7 1200 0.5 10

8 1200 0.8 6

9 1200 1 8
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mechanical characteristics to the weld. This sec-
tion presents the experimental procedure as a re-
sponse surface method to determine the ultimate 
stress of the FSW. The interest of this process is 
to speed up the determination of the mechani-
cal properties of different welding parameters. 
The effects of the FSW parameters on the FSW’s 
mechanical behavior are studied. As shown in 
Figure 1, the nine experimental specimens’ ten-
sile strength values range from 289.56 MPa to 
311.11 MPa. With an average value of 311.11 kN, 
which is notably near to 91.5% of the raw mate-
rial’s strength, Sample 6 had the maximum load 
capacity. This suggests that Sample 6’s FSW pro-
cess parameters were quite successful in main-
taining the material’s inherent strength.

At a rotational speed of 800 RPM, traverse 
speed of 1 mm/s, and hole diameter of 6 mm, the 
specimen exhibited the highest tensile strength, 
which resulted in an ultimate tensile strength of 
311.11 MPa. This value falls within the estimated 
range for AA6061-T6-T6 alloy that has been prop-
erly heated using FSW. The data flow demonstrates 

that the traverse and rotational speeds have an im-
portant effect on the tensile strength. Higher ten-
sile strengths were obtained by combining a faster 
traverse speed (1 mm/s) with an acceptable rotat-
ing speed (800 RPM), consistent with results from 
previous investigations. The results’ minimal dis-
persion shows constant mechanical performance 
and welding quality, emphasizing the need to con-
trol tool parameters like hole diameter, traverse 
speed, and rotation speed. Because of differences 
in the FSW tool’s rotation speed, traverse speed, 
and hole diameter, Sample1 showed a slightly re-
duced load capacity of a minimum of 289.56 MPa. 
Sample 1 was joined with a lower rotational speed 
(700 RPM), with a minimum traverse speed (0.5 
mm/s) and a hole diameter (6 mm).

The mechanical properties appeared to be 
negatively impacted by excessively high or low 
rotational speeds, most likely due to either over-
softening of the material or excessive heat input. 

In addition, Figure 2 shows the main effects 
plot, which offers more detailed information 
about how each parameter affects tensile strength.

Figure 1. Ultimate stress

Figure 2. The main effect of welding parameters on ultimate stress
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	• Rotational speed: The graph shows a non-lin-
ear connection, with an even or small drop in 
tensile strength at 1200 RPM after a notable 
increase from 700 to 800 RPM with rotation-
al speed. This means that excessive rotating 
speed could result in overheating and mate-
rial deterioration.

	• Traverse speed: There is a clear correlation be-
tween traverse speed and tensile strength, with 
a considerable increase from 0.5 mm/s to 1 
mm/s. This is probably because faster traverse 
speeds maximize heat generation and material 
mixing.

	• Hole diameter: Tensile strength is maximum 
at 10 mm and rises with increasing hole di-
ameter. Larger holes probably disperse stress 
more uniformly, improving mechanical quali-
ties and lowering localized concentration.

Hardness test

Hardness is the most important quality index 
in friction stir welding processes. The experi-
ments and hardness measurements are designed 
using the described techniques. The significant 
parameters affecting hardness are determined, 
and mathematical hardness models are obtained. 
The factors affecting the hardness of the FSW 
AA6061-T6 welding process are Rotational 
Speed, Traverse Speed, and Hole Diameter. For 
equiaxed grain size, the material flows around 
the void or weld defects, and when the cavity is 
filled with metal, the narrow deep can be seen as 
a tiny circle on the fractured surface micrograph. 
The average recrystallized grain size and the av-
erage percentage of equiaxed grain as a function 
of heat input, with a coefficient of determination 
of 0.99 and 0.99, respectively, correspond to the 

minimum hardness of the welded joint as a func-
tion of heat input.

Table 4 and Figure 3 show that the hardness 
values in the NZ varied from 51.11 HV to 71.33 
HV. The maximum hardness was produced by a 
rotational speed of 800 RPM, a traverse speed of 
1 mm/s, and a hole diameter of 6 mm. Because 
of the dissolving and coarsening of the strength-
ening precipitates caused by the thermal cycling 
during FSW, some specimens have less hardness 
than the base material.

Furthermore, Figure 3 illustrates how the 
nine specimens’ microhardness values varied. 
According to the results, the specimens with 
the highest hardness values, roughly 71 HV, 
were 6, 7, and 9. These values were attained at 
optimum traverse and rotational speed condi-
tions, allowing proper material flow and heat 
to improve the Nugget Zone’s microstructural 
integrity. Other examples with lower hardness 
values indicate improper heat input or insuffi-
cient mixing, which results in diminished me-
chanical qualities.

Additionally, Figure 4 shows the main effects 
plot for hardness offers more information:
	• Rotational speed: The hardness improves sig-

nificantly before improving from 700 RPM to 
800 RPM, indicating that slower speeds maxi-
mize microstructural refinement.

	• Traverse speed: When the traverse speed rises 
from 0.5 mm/s to 1 mm/s, hardness noticeably 
increases. Increased traversal speeds probably 
protect microstructural integrity by reducing 
extended heat exposure.

	• Hole diameter: Hardness peaks at 10 mm and 
increases with hole diameter. According to 
this pattern, greater diameters improve micro-
structural stability and stress distribution.

Figure 3. Hardness test
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The results demonstrate that improving the 
FSW parameters can decrease the detrimental ef-
fects of thermal effects on hardness. Appropriate 
traverse and rotational speeds provide sufficient 
heat input to mix materials effectively without 
significantly softening them.

Desirability function optimization

Table 4 displays the observed data for Vickers 
hardness values and the average tensile strength 
value from three tensile specimens. The desir-
ability technique is used to optimize processes. 
Determining the operational parameters that yield 
the most desired response value is known as de-
sirability. Every experimental outcome is trans-
formed into a scale of [0, 1] for a single answer by 
computing its desirability (d), where 0 is the least 
desirable value and 1 is the most favorable [28]. 
After determining the most excellent desirability 
value, the best set of parameters is determined by 
selecting the factor setting corresponding to that 
maximum desirability value. Depending on the 
type of response, it is scaled into three categories: 
larger-the-better, smaller-the-better, and nominal-
the-better. These are explained separately:

Larger-the-better (LTB): The calculated re-
sponse’s value is expected to exceed a lower 
bound. Equation 1 defines the individual desir-
ability function for this type of reaction:

	 	 (1)

Smaller-the-better (STB): The estimated re-
sponse’s value will probably fall below an upper 
bound. Equation 2 defines the individual desir-
ability function for this type of reaction:

	 	(2)

Nominal-the-better (NTB): It is believed that 
the estimated reaction will reach a specific goal 
value. Equation 3 defines the individual desirabil-
ity function for this response type:

	 	(3)

where:	Y is a response, U is an upper limit, L is 
a lower limit, T is the target value, and 
r, r1, and r2 are weights. After calculat-
ing the individual desirability, the overall 
desirability or composite desirability is 
calculated by using Equation 4:

	 	(4)

where:	D is combined desirability, d1; d2;...; dn 
is the highest desirable significance for 
various responses, and n is the numeral of 
responses. 

Figure 4. The main effect of welding parameters on hardness
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Minitab software is used to analyze the ex-
perimental data from Taguchi design runs using 
a full quadratic response surface model, as pro-
vided by Equation 4 [28]. Therefore, the desire 
function (DF) provided by Equation 4 is utilized 
to identify the optimum parameter setting that 
will maximize the hardness and ultimate tensile 
stress. The process conditions that maximize 
hardness and ultimate tensile stress using the 
desired function are shown in Figures 5 and 6. 
Nevertheless, Figure 7 displays the optimum fac-
tor setting for FSW Aluminum Alloy AA6061-T6 
with the highest hardness and ultimate tensile 
stress (multi-responses). 

Table 5 provides each response’s target value 
and the optimal factor levels that will optimize 
the desirability function. Considering every re-
sponse is equally significant, weight wi has been 
adjusted to 1. Table 6 provides the optimum fac-
tor values and the combined desirability function 
when one response is maximized, and another is 
maximized together.

Statistical analysis and interpretation

A one-way Analysis of Variance (ANOVA) 
was carried out independently for the tensile 
strength and hardness data in order to quantita-
tively evaluate the impact of the rotating speed 
on the mechanical characteristics of the friction 
stir welded AA6061-T6 joints. Finding out if the 
observed variations in the means of various ro-
tational speed levels are statistically significant 
or most likely the result of random fluctuation is 
the aim of this statistical test.
1)	ANOVA for tensile strength 

The data on tensile strength was categorized 
based on three different rotational speeds: 700, 
800, and 1200 RPM. According to the ANOVA 
result, a statistically significant variation in ten-
sile strength across various rotating speeds is in-
dicated by a p-value less than 0.05. This implies 
that the rotational speed is a crucial factor influ-
encing the weld strength, most likely as a result of 
its impact on material flow and heat input during 
the FSW process.

Figure 5. The optimized process parameters individually maximize the hardness
through the desirability function (single desirability)

Figure 6. The optimized process parameters individually maximize the ultimate tensile stress
through the desirability function (single desirability)
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2)	ANOVA for hardness
Additionally, the same rotational speed levels 

were used to assess the hardness measurements. 
Once more, the conclusion that rotating speed 
has a substantial impact on hardness in the Nug-
get Zone is supported by a p-value of less than 
0.05. This is in line with microstructural findings, 
which show that different heat inputs can change 
the precipitate’s behavior and grain size.
a)	Boxplot interpretation

Boxplots were created for both hardness and 
tensile strength across the three rotating speeds 
in order to illustrate the statistical results graphi-
cally. These plots clearly show:

	• The median hardness and tensile strength in-
creased from 700 to 800 RPM.

	• A minor plateau or decrease at 1200 RPM, 
most likely brought on by over-softening from 
too much heat input.

b)	Scientific implications
The statistical analysis emphasizes the sig-

nificance of properly choosing FSW settings and 
supports the experimental findings. ANOVA’s in-
clusion offers a scientific foundation for the con-
clusion that the observed effects are systemati-
cally related to the process circumstances rather 
than being random. Replica measurements and 
full factorial designs would enable more thorough 
multivariate analysis in further research, includ-
ing parameter interaction effects. 
	• Statistical analysis summary ANOVA for ten-

sile strength as shown in Figure 8:
−	 F-statistic = 6.99, p-value = 0.0271
−	 Interpretation – significant differences 

among means.

Figure 7. The optimized factor setting for FSW aluminum alloy AA6061-T6 with optimum hardness
and ultimate tensile stress (composite desirability)

Table 5. Multiple response prediction
Variable Setting

Rotational Speed (RPM) 977.778

Traverse Speed (mm/s) 1

hole diameter (mm) 8.74747

Table 6. FSW optimum results using composite desirability
Response Goal Lower Target Upper Weight Importance

Ultimate stress (MPa) Maximum 289.56 311.11 1 1

Hardness of the Nugget zone Maximum 51.11 71.33 1 1
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	• ANOVA for hardness as shown in Figure 9:
−	 F-statistic = 12.31, p-value = 0.0075
−	 Interpretation – significant differences 

among means.

Practical usefulness of the results

The study’s findings offer helpful recom-
mendations for enhancing the mechanical perfor-
mance of AA6061-T6 aluminum joints through 
the optimization of FSW settings. In particular, 
determining the ideal traverse speed, rotating 
speed, and hole diameter enables producers to: 

	• Increase the tensile strength and hardness 
of welds, resulting in stronger and more de-
pendable components.

	• Prevent excessive or inadequate heat input to 
lower the chance of welding failures.

	• Utilize data-driven parameter sets to reduce 
trial-and-error during production, saving 
time and materials.

	• Use these ideal parameters in structural, au-
tomotive, and aerospace applications where 
strong, lightweight aluminum joints are 
essential.

Figure 8. ANOVA for tensile strength

Figure 9. ANOVA for hardness
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CONCLUSIONS 

In this study, the optimization of hardness and 
ultimate tensile stress for FSW of AA6061-T6 us-
ing Taguchi design-based desirability function 
was adopted. The process parameters considered 
are rotational speed, traverse speed, and hole di-
ameter. From this study, the following conclu-
sions have been drawn:
1.	The single optimization of ultimate stress us-

ing single desirability reveals that the optimum 
combination of FSW for AA6061-T6 is (rota-
tional speed = 977, traverse speed = 1, and hole 
diameter = 8.7). 

2.	The single optimization of ultimate stress us-
ing single desirability reveals that the optimum 
combination of FSW for AA6061-T6 is (rota-
tional speed = 1008, traverse speed = 1, and 
hole diameter = 10). 

3.	The optimum combination of process parame-
ters that led to obtaining maximum microhard-
ness and maximizing ultimate tensile stress in 
FSW AA6061-T6 were the following: (rota-
tional speed = 977, traverse speed = 1, and hole 
diameter = 8.7).
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