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INTRODUCTION

Recent technological advancements, particu-
larly within the automotive sector, are significant-
ly enhancing competitiveness in the global mar-
ket. A pivotal strategy for maintaining this com-
petitiveness involves the adoption of lightweight 
materials, such as aluminum, aimed at minimiz-
ing vehicle weight [1]. This reduction contributes 
not only to improved energy efficiency but also 

enhances overall vehicle performance. Aluminum 
and its alloys possess superior characteristics rela-
tive to other metals, exemplified by their excellent 
thermal conductivity and suitability for replacing 
traditional steel, which has been extensively uti-
lized in both the automotive and maritime indus-
tries. Various joining methods are implemented in 
this context, with rivet joints being prevalent. This 
method necessitates the creation of drilled holes 
in each plate to accommodate rivets. Conversely, 
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conventional welding practices that utilize elec-
trodes frequently encounter challenges, such as 
porosity and cracking during the welding of alu-
minum, primarily attributable to uncontrolled 
temperature variations throughout the welding 
procedure [2]. Aluminum alloys find extensive 
application across numerous industries, particu-
larly in automotive, aviation, and maritime fields. 
Within the maritime domain, it has been estab-
lished by Wahid et al. [3] that the 5xxx and 6xxx 
series aluminum is commonly employed in ship 
construction, including such components as hulls, 
superstructures, and deck panels. These alloys are 
favoured due to their advantageous strength prop-
erties, lightweight nature, and exceptional corro-
sion resistance. Furthermore, in subsea construc-
tion, these aluminium variants are similarly uti-
lized in the fabrication of underwater pipe frames.

The joining of aluminium and its alloys pres-
ents challenges due to their classification as heat 
treatable and non-heat treatable materials, which 
is fundamentally rooted in their distinct chemi-
cal structures and melting points [4]. This dis-
parity complicates conventional welding tech-
niques and riveted joints, often compromising the 
quality, integrity, and weight of the components 
being fused A promising alternative for achiev-
ing robust connections between metals exhibit-
ing differing properties is friction stir welding 
(FSW). As reported by Thomas W. Thompson 
of the welding institute (TWI), UK, in 1991 [5] 
FSW offers numerous advantages over tradi-
tional welding methods, including enhanced cor-
rosion resistance, the elimination of joint pits, 
and the avoidance of harmful emissions such as 
dust, fumes, and gases, as well as the omission 
of additional fillers. The FSW process utilizes a 
specialized tool comprising a pin and shoulder, 
which mechanically agitates the two metals at the 
joint interface. This agitation generates sufficient 
frictional heat to soften the materials, allowing 
the rotating tool to mix the softened substrates, 
thereby facilitating the formation of high-quality 
welds in a comparatively short duration for dis-
similar materials.

FSW is extensively employed for the join-
ing of various alloy metals, including aluminum, 
magnesium, copper, brass, and steel. This tech-
nique is particularly advantageous, as it facilitates 
the welding of aluminum alloys at temperatures 
below their melting points, thereby minimizing 
the prevalence of welding defects [6]. Extensive 
research has been conducted on the FSW process, 

specifically for 5083-O and 6061-T6 aluminum 
alloys, focusing on the influences of parameters 
such as tool rotational speed, travel speed, and 
tool tilt angle. According to Sasi et al. [7], a thor-
ough investigation into the characterization of 
FSW in terms of mechanical properties and mi-
crostructural changes revealed that the most com-
promised area of the weld is located in the heat 
affected zone (HAZ) of the 6061-T6 side, attrib-
utable to grain coarsening. Additionally, the over-
all joint efficiency was determined to be merely 
58%, whereas the nugget zone displayed elevated 
hardness levels due to dynamic recrystallization 
resulting from the effective mixing of materials 
during the welding process.

Research on the same topic has also been con-
ducted by Manohar et al. [8] who discussed the 
mechanical properties of the welding results be-
tween 5083-O and 6061-T6 aluminum. The find-
ings indicate that the friction stir welding (FSW) 
method is particularly effective for joining these 
materials. Optimal results were observed with a 
significant reduction in weld grain size when em-
ploying a taper threaded pin tool, specifically at a 
rotation speed of 1400 rpm and a welding speed 
of 60 mm/s, yielding high welding efficiency. 
Then research conducted by Guido Di Bella et 
al. [9] by examining the effect of rotational speed 
on the mechanical properties of FSW joints of 
5083/6061 aluminum alloys for maritime appli-
cations. Their findings revealed that a rotational 
speed of 1400 rpm results in enhanced mechanical 
properties, characterized by a more uniform hard-
ness distribution attributed to material mixing and 
optimal thermal input during tool rotation. How-
ever, it was noted that excessively high rotational 
speeds can lead to the formation of wormholes, 
ultimately diminishing the mechanical strength of 
the joint. FSW involves critical considerations of 
axial force and torque during the welding process, 
with an emphasis on investigating the interrela-
tions among these parameters to optimize welding 
outcomes. According to the findings of Kai Wu 
[10], the FSW process facilitates uniform material 
mixing; however, it also predisposes the process 
to void formation at elevated rotational speeds. 
The optimal welding parameters identified include 
a tool rotation speed of 2400 rpm, a travel speed 
of 1200 mm/min, and a plunge depth of 0.25 mm.

Another study related to the welding of 5083-
O and 6061-T6 aluminum joints was conducted 
by Devaiah et al. [11], the influence of a tool 
tilt of 2.5° and a threaded tool geometry on the 
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microstructural characteristics of welded joints 
between 5083-O and 6061-T6 aluminum alloys 
was explored. The results indicated that the op-
timal tool tilt and threaded configuration yielded 
superior mechanical and metallurgical properties 
in comparison to lower tilt angles and threadless 
tools. This current study aimed to further eluci-
date the effects of rotational speed and tool tilt 
on determining the optimal parameters within the 
FSW process for joining 5083-O and 6061-T6 
aluminum alloys. The parameters under examina-
tion encompassed tool rotational speeds of 1100 
RPM, 1400 RPM, and 1800 RPM, in conjunction 
with tool tilt angles of 1° and 3°. The primary ob-
jective of this research was to ascertain the most 
advantageous welding parameters through a com-
prehensive evaluation of the microstructure and 
mechanical properties of the joint, particularly 
focusing on the quality of mixing within the weld 
nugget zone. The outcomes of this investigation 
are anticipated to yield meaningful recommenda-
tions for welding parameters pertinent to indus-
tries such as automotive manufacturing.

MATERIALS AND METHODS

Tool pin design

The tool utilized in the FSW process is con-
structed from H13 steel, exhibiting a hardness 
metric of 55 HRC. This material undergoes a 
vacuum hardening procedure to achieve its de-
sired mechanical properties. The pin profile is 
characterized as a cylindrical tapered thread; 
this geometric configuration is strategically se-
lected to facilitate a more uniform flow of the 
workpiece material. During operation, material 
is conveyed downward on the advancing side, 
subsequently flowing upward toward the retreat-
ing side within the vicinity of the pin. Figure 1 

presents a 3D representation of the welding zone 
in the FSW process. Figure 1 describes the mate-
rial distribution in the FSW zone. The observed 
pattern reveals the vertical and horizontal move-
ment of material, a result of the rotation and ap-
plied pressure of the tapered threaded pin. This 
demonstrates the efficacy of the tool design in 
facilitating material mixing, which significantly 
mitigates the potential for defects, such as cracks 
and voids, particularly within the welded region. 
Consequently, this flow pattern is instrumental 
in producing the joints characterized by a more 
homogeneous microstructure and enhanced me-
chanical properties. The pin design implemented 
in the FSW process for 5083-O and 6061-T6 alu-
minum is depicted in Figure 2.

FSW machine and types

In the FSW process under discussion, a 
GUT DRO × 623 vertical milling machine was 
employed. During the execution of the welding 
procedure, 5083 aluminum was positioned on 
the advancing side, while 6061 aluminum occu-
pies the retreating side. This specific configura-
tion was strategically chosen due to the enhanced 
corrosion resistance of 5083-O aluminum, which 
benefits from increased heat generation through 
friction, proving to be more effective in this po-
sition relative to 6061-T6 aluminum. The place-
ment of 6061-T6 aluminum on the retreating side 
is advantageous, as it minimizes deformation and 
optimizes the flow of material. The aluminum 
plates 5083-O and 6061-T6 were meticulously 
cut to the dimensions of 100 × 50 × 3 mm re-
spectively. The following (Figure 3) delineates 
the process of FSW conducted between 5083-O 
and 6061-T6 aluminum.

The welded plate was subjected to verti-
cal cutting in alignment with the FSW joint to 

Figure 1. 3D representation of the FSW area using the tapered thread tool
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facilitate microstructural and mechanical evalu-
ations of the welding outcomes. The extraction 
of the test specimen from the welded plate was 
conducted utilizing TNC-AS cutting metallurgy, 
ensuring precision while preserving the integrity 
of the material’s microstructure.

Table 1 presents the chemical composition 
of both tested materials. Additionally, a coolant 

was applied to mitigate excessive thermal eleva-
tion that could compromise both the mechanical 
properties and the microstructure of the weld. 
Subsequent testing of the FSW results was per-
formed using standardized testing apparatus. 
This included a tensile testing machine, model 
TC220 series 6604, designed for the assessment 
of the tensile strength of the weld joint mate-
rial. Furthermore, a Union Japan metallurgical 
microscope was employed for the microstruc-
tural examination of the weld area, focusing on 
identifying features such as the heat-affected 
zone (HAZ), thermo-mechanical affected zone 
(TMAZ), and the weld nugget (WN). Addition-
ally, a MicroVickers hardness tester (model MVS 
1000 AT) was used to determine the microhard-
ness values across various weld zones. The pro-
cess of testing specimens was carried out on the 
middle side of FSW joints, such as AA5083-O 
and AA6061-T6, because in this section there is 
a more even heat distribution during the welding 
process. The center side tends to experience a 
stable welding process and less deformed struc-
ture or experience extreme temperature changes 
that result in the decreasing quality of the weld-
ing joint [12].The testing procedure commenced 
with the preparation of samples measuring 30 
× 15 mm, achieved through cutting metallurgy. 
Thereafter, the Keller reagent was prepared in 
accordance with established protocols, followed 
by the mounting of specimens designated for 
microstructural analysis. Polishing of the rel-
evant zones was executed utilizing a series of 
sandpapers to achieve a mirror-like finish. 

The specimens were then subjected to etching 
with Keller’s solution (composed of 2 ml HF, 3 ml 
HCl, 20 ml HNO3, and 175 ml H2O) before being 

Figure 2. FSW tapered thread design: (a) tool height, 
(b) tool diameter, and (c) 3D design

Figure 3. FSW process schematic [12]
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examined under an optical microscope in compli-
ance with ASTM E-407 [13]. Microstructural im-
ages were subsequently captured using the optical 
microscope, with magnifications of 50x, 100x, 
and 200x. Upon completion of the microstruc-
tural evaluation, the etched specimens underwent 
hardness testing using the Vickers method. A total 
of 21 hardness measurements were recorded for 
each specimen, applying a load of 1000 g over 
a duration of 15 seconds. The Vickers hardness 
values were measured at 1 mm intervals across 
the weld zone (Nugget Zone), TMAZ, HAZ, and 
base metal (BM), adhering to ASTM E 384-22. 
Finally, tensile test samples were prepared in ac-
cordance with ASTM E8 [14] standards, with 
three specimens tested for each welding param-
eter. The outcomes were averaged to ascertain the 
maximum tensile strength, elongation, and yield 
strength. The results derived from these three 
specimens per welding variable enabled the iden-
tification of the optimal mechanical performance 
of the welded joints.

Maximum temperature distribution in 
welding

FSW induces significant plastic deformation 
in the vicinity of the rotating tool, accompa-
nied by frictional interactions between the tool 
and the workpiece. These phenomena result in 
elevated temperatures within and surrounding 
the stirring zone. The temperature profile in this 
region plays a crucial role in shaping the weld 
microstructure, influencing parameters such as 
grain size, grain boundary characteristics, the 
hardening and dissolution of precipitates, and 
the resultant mechanical properties of the weld. 
Nonetheless, quantifying the temperature within 
the stirring zone poses substantial challenges 
due to the pronounced plastic deformation as-
sociated with the rotation and movement of the 
tool. Consequently, the peak temperature in the 
stirring zone during FSW is typically inferred 
through an examination of the weld microstruc-
ture. As reported by Mishra et al. [12], the maxi-
mum temperature in the stir zone frequently 

attains approximately 80–90% of the melting 
point of the base material, which translates to 
roughly 400–480 °C for 6061 aluminum, with 
a marginally lower threshold for 5083. A com-
monly employed formula for predicting tem-
perature distribution follows a specific method-
ology, while the equation for determining the 
melting point of a blend of aluminum alloys is 
articulated in Equation 1.

 𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = (𝜔𝜔1 × 𝑀𝑀1) + (𝜔𝜔2 × 𝑀𝑀2)
𝜔𝜔1 + 𝜔𝜔2

     (1) 
 
𝑀𝑀

𝑀𝑀𝑚𝑚
= 𝐾𝐾( (𝜔𝜔2)

(𝑉𝑉 𝑀𝑀 104))
α     (2) 

 
 

 (1)

The average maximum temperature of the 
aluminum plate is measured as a function of the 
pseudo heat index (𝑤 = 𝑣²/𝑛). The primary vari-
ables in this equation (Equation 2) consist of the 
tool’s rotational speed (ω), the speed of travel (v), 
and a constant (K) that varies based on the mate-
rial type and welding parameters. This correlation 
indicates that the maximum temperature (𝑇) in re-
lation to the material’s melting point (𝑇𝑚) rises 
with the square of the rotational speed (𝜔²) and 
declines as the travel speed (𝑣) increases.
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 (2)

FSW parameters

The Gut Milling Universal X6332Z machine 
is utilized in FSW to join two metal pieces in-
tended for welding. This method employs a JIG 
as a holding chamfer to maintain the stability 
and immobility of the material being welded, 
which consistently yields high-quality joints. 
Key factors in the welding process include tool 
rotational speed, travel speed, tool tilt angle, and 
plunge depth at the joint. The rotational speed of 
the tool generates heat through friction, whereas 
the welding speed regulates the melting of the 
material along the welding trajectory. The tilt 
angle of the tool and the compression force con-
tribute to the stability and uniformity of the weld 
nugget. These parameters are optimized to en-
sure that the joint experiences minimal failures 
during the welding procedure. The subsequent 
variables will be applied in the FSW process as 
follows (Table 2).

Table 1. Chemical composition of aluminum 5083-O and 6061-T6
Alloy Al Mg Si Mn Fe Cu Zn UTS, MPa

5083-O 96.78 2.56 0.08 0.019 0.28 0.01 0.02 270

6061-T6 97.45 0.91 0.63 0.13 0.39 0.24 0.03 300
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RESULTS AND DISCUSSION

FSW results between aluminum 5083-O and 
6061-T6

The results of FSW of aluminum joints, 
AA5083 and AA6061, reveal several important 
features that can influence the mechanical prop-
erties and microstructure of the joined material. 
As a solid-state welding technique, FSW creates 
a joint without melting the materials. The welding 
zone is established through frictional heating and 
plastic deformation during the welding process. 
Typically, the microstructure in the weld zone 
experiences dynamic recrystallization, leading 
to uniform fine grains, which enhances the me-
chanical strength compared to the pre-weld base 
material. This research aimed to investigate the 
welding outcomes of aluminum plates AA5083 
and AA6061 with butt joints, by varying the ro-
tational speed and tilt angle of the FSW tool. The 
findings of this study are presented based on how 
the chosen parameters affect the results.

Surface appearances of joints and 
macroscopic metallography 

Visual testing of welded joints results on 
AA5083-O and AA6061-T6 aluminum were 
made with variations in rotational speed and tool 
tilt, namely 1100 rpm, 1400 rpm, and 1800 rpm 
with angles of 1° and 3°. Observations focused on 
surface smoothness, joint line stability, and defect 
detection such as cracks, flash, or rough grooves. 
Surface smoothness reflects the stability of the 
FSW process; a smooth surface indicates optimal 
tool interaction without excessive deformation, 
while a stable joint line indicates suitable rotation 
parameters and tilt angle to ensure joint continu-
ity. Rotational parameters affect the welding tem-
perature of the tool rotational speed of 1100 rpm 
produces a maximum temperature of 370 °C, then 
1400 rpm produces a maximum temperature of 460 

°C, and 100 rpm creates temperatures of up to 520 
°C. These temperatures affect the plasticity of the 
material; high rotations such as 1800 rpm increase 
plasticity but can potentially cause flash, while low 
rotations such as 1100 rpm can result in cracks or 
rough surfaces due to lack of thermal energy. In ad-
dition, the tilt angle of the tool affects the distribu-
tion of heat and pressure which has a direct impact 
on the homogeneity of the weld zone structure and 
the overall quality of the joint. the following is a 
picture of the welding results between aluminum 
5083 and 6061 are as follows. The welding results 
between AA5083-O and AA6061-T6 aluminum 
are presented in Figure 4.

The figure above shows macro photographs 
and frontal views of the welding outcomes from 
FSW on AA5083-O and AA6061-T6 aluminum, 
utilizing various welding parameters. Each picture 
shows the differences in joint quality resulting from 
changes in tool rotation speed and tilt angle. FSW 
joints are categorized into BM, HAZ, TMAZ, and 
WN. Observations of the macro morphology of the 
samples from parameter 3 indicate that the most 
favorable results are marked by consistent weld 
zones, smooth surfaces, and the complete absence 
of defects like cracks, flash, and rough grooves. 
The regular joint structure demonstrates that the 
right combination of rotational speed and tool tilt 
angle can achieve optimal heat and pressure dis-
tribution, leading to a perfect fusion of 5083 and 
6061 aluminum materials. The processes of dy-
namic plastic deformation and recrystallization are 
optimal, leading to a refined microstructure that 
enhances the mechanical properties of the joint. 
Conversely, parameter images 2 and 6 display im-
perfections in the joint, such as inconsistencies in 
the joint line, excessive material deformation, or 
significant flash. These imperfections arise from 
sub-optimal parameters like excessively high or 
low rotational speeds and less-than-ideal tilt an-
gles. Elevated rotational speeds can lead to over-
plasticization of the material and an excess of flash, 

Table 2. FSW parameters
No. Specimen TRS (RPM) TS (mm/min) Tool tilt

1. FSW 1 1100 30 1°

2. FSW 2 1100 30 3°

3. FSW 3 1400 30 1°

4. FSW 4 1400 30 3°

5. FSW 5 1800 30 1°

6. FSW 6 1800 30 3°
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Figure 4. View of the joint between 5083-O and 6061-T6 aluminum alloys
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while decreased rotational speeds may result in an 
uneven material blend, cracks, or rough surfaces. 
The parameters illustrated in Figure 4 achieve an 
optimal equilibrium between heat and plastic de-
formation, yielding a stable weld zone with ex-
ceptional joint quality. With these parameters, the 
joint shows no significant defects, suggesting that 
the combination of rotational parameters and tilt 
angle used is well-suited for AA5083 and AA6061 
aluminum materials.

Effect of temperature increase on micro yield

The temperature obtained when increasing the 
rotational speed in the FSW process gives an idea 
of the effect on the yield microstructure of alumi-
num 5083-O and 6061-T6, especially on the weld 
nugget. A rotational speed of 1100 RPM with a 
1° tool angle results in a temperature of 379.2°, 
which leads to enlarged grain crystals in the HAZ 
of aluminum due to uneven heat distribution and 

plastic deformation. According to Elangovan et 
al. [15], as the angle becomes more concave at 
3°, the temperature reaches 384.6°, and promotes 
more significant grain enlargement. This demon-
strates that even a minor increase in temperature 
can heighten sensitivity to heat, which negatively 
impacts distribution and accelerates grain growth. 
On the basis of the experimental data collected 
using a QREM-45 thermometer gun, the welding 
temperature at the weld endpoint was measured 
as shown in Figure 5.

Comparison of observations on the HAZ zone 
of 606

The micro test figures above explain that the 
FSW process between 5083-O and 6061-T6 alu-
minum exhibits distinct characteristics for each 
parameter in Figures 6(a) and (b). Grain bound-
aries are prominently visible in AA 6061-T6 due 
to the heating effects, resulting in grains that are 

Figure 5. Maximum temperature measurement documentation using thermometer gun QREM-45: 
(a) Parameter 2, (b) Parameter 3, (c) Parameter 4
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exposed but not directly deformed. In Figures 
6(c), (d), (e), and (f), it appears that in this zone 
the amount of Mg2Si precipitant in the HAZ is 
drastically reduced, this is due to the increase in 
grain size making one of the main causes of re-
duced Mg2Si precipitant strengthening so that the 
tensile value and hardness value decrease in this 
zone. This statement is in accordance with the re-
search conducted by Osorio Dias et al. [16] which 
states that the 6061-T6 HAZ zone will experience 
softening due to aging treatment from the stirring 

process that generates heat. The maximum tem-
perature that occurs and the recrystallization pro-
cess cause the dissolution of precipitates so that it 
can reduce the hardness value of the connection.

Comparison of observations in the Nugent weld 
zone

In welding dissimilar materials between alu-
minum 5083-O and 6061-T6, the process param-
eters have a great impact on the degree of material 

Figure 6. Comparison of HAZ zone of 6061-T6 FSW: (a) Parameter 1, (b) Parameter 2, (c) Parameter 3, 
(d) Parameter 4, (e) Parameter 5, (f) Parameter 6
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mixing. In Figure 7(a), the stir zone shows subopti-
mal mixing, with distinct grain boundaries between 
aluminum 5083-O and 6061-T6 still apparent. This 
suggests that the heat energy produced is not suf-
ficient to trigger substantial dynamic recrystalliza-
tion, causing the resulting plastic deformation to 
inadequately promote material homogenization. It 
implies that lower rotational speeds in friction stir 
welding (FSW) can lead to uneven localized heat-
ing, which hampers material diffusion within the 
stir zone. In Figure 7(b), an excessively steep tool 

tilt causes asymmetric material flow, while a high 
tool travel speed (30 mm/s) restricts the interaction 
between the tool and the materials. The combina-
tion of a high travel speed and an excessively steep 
tool angle may obstruct lateral heat transfer, result-
ing in uneven material mixing [17].

In Figure 7(c), the grain structure exhibits in-
creased uniformity, suggesting that adequate ther-
mal energy has been generated to initiate dynamic 
recrystallization. This phenomenon results in a 
defect-free stirring zone, as confirmed by research 

Figure 7. Comparison of WN zones of 5083-O and 6061-T6 FSW aluminum: (a) Parameter 1, (b) Parameter 2, 
(c) Parameter 3, (d) Parameter 4, (e) Parameter 5, (f) Parameter 6
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indicating that high rotational speeds enhance ma-
terial homogenization during FSW, particularly 
among various aluminum alloys. Conversely, in 
Figure 7(d), despite the presence of fine grains, the 
material distribution remains inconsistent, form-
ing a pronounced mountain pattern. This observa-
tion illustrates that differences in the thermoplastic 
properties of the materials can lead to the predomi-
nance of one material within the flow of the stir-
ring zone. Specifically, the more ductile aluminum 
alloy 5083-O tends to assert dominance, while the 
less ductile aluminum 606-T6 displays a relative 
lag in the flow dynamics.

In Figure 7(e), the stir zone structure shows 
the dominance of aluminum 5083-O in some 
areas, although the grain structure tends to be 
uniform. This is due to the brief interaction be-
tween the tool and the material due to the high 
travel speed. Research by Xiao et al. [18] noted 
that high travel speeds in FSW can result in an 
imbalance between heat input and mechanical 
deformation, which limits effective material mix-
ing. Then in Figure 7(f) the stirred zone exhibits 
a more homogenous grain structure characterized 
by distinct vortex formations. Nonetheless, the 
demarcation between the two aluminum alloys 
remains evident, underscoring the differing ther-
moplastic properties of aluminum 5083 and 6061 
as a significant impediment to complete material 
integration. Furthermore, it has been noted that 
vortex patterns frequently emerge in the stir zone 
during FSW, influenced by the interplay of ma-
terial flow variations derived from differences in 
material characteristics and process parameters.

Vickers microhardness test results

The distribution of measurement points is used 
to determine the hardness level of each zone such 
as BM AS, HAZ AS, TMAZ AS, WN, TMAZ RS, 
HAZ RS, and BM RS of each group of experi-
mental samples. There are 21 measurement points 
in each row, with a distance of 0.5 mm between 
measurement points in the WN zone and 1 mm 
in other zones. The horizontal coordinate of the 
central point is established as 0, with the negative 
direction indicating the AS side and the positive 
direction on the RS side. The test points are po-
sitioned 1.5 mm above and below the center. The 
hardness is generally highest in the BM, while the 
hardness observed in the NZ, HAZ, and TMAZ 
shows a fluctuating trend. Higher temperatures can 
produce equiaxed grains with small size variations 
in the stir zone [19]. The results of FSW Evalua-
tion of Friction Stir Welding on the Microstructure 
and Mechanical Properties of Dissimilar hardness 
testing, conducted using MicroVickers hardness 
measurement, are graphically represented to illus-
trate the correlation between the penetration dis-
tance of each indenter relative to the weld center 
and the measured Vickers hardness number (HV). 
The graphical representation of the hardness test 
results is depicted in the subsequent figure (Figure 
8). The figure presented elucidates the results of 
microhardness testing conducted on friction stir 
welding (FSW) joints between heat treatable alu-
minum 6061-T6 and non-heat treatable aluminum 
5083-O, as stipulated by the parameters specified. 
It can be seen in the figure that the TMAZ and 

Figure 8. MicroVickers hardness measurement
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HAZ zones on the AS (5083-0) side of the test 
have almost the same hardness value and have a 
larger grain size than the weld nugget zone, and in 
this zone there is also an increase in hardness, due 
to the presence of Mg2Si precipitants. It can also 
be seen that the highest hardness value is found in 
BM 6061-T6, this occurs because there are many 
Mg2Si precipitants in BM in the RS section. Figure 
8 also shows that the HAZ on the RS side exhibits 
a significant decrease in hardness, caused by the 
dissolution of the primary Mg₂Si reinforcement 
precipitates in the 6061-T6 aluminum base metal 
due to the heat generated during the FSW process.

The process of dissolving the Mg2Si pre-
cipitates resulted in a decrease in hardness and 
strength in the HAZ zone of SISI 6061, caus-
ing this zone to become the weakest point of the 
connection welding process. The lowest hard-
ness value occurs in the HAZ zone of 6061-T6 
which is caused by the over-aging process that 
occurs due to heat input during the welding pro-
cess which causes dissolution of Mg2Si precipi-
tates and greater grain growth in this zone [19]. 
The thermal cycling and plastic deformation of 
the TMAZ zone on the AA6061 side resulted 
in the dissolution of the Mg2Si precipitant, thus 
also affecting the decrease in the strength value 
of the TMAZ zone on the 6061-T6 side. Figure 
8 also proves that the hardness value in the weld 
nugget zone has a higher value compared to BM 
5083-O. This is due to the perfect mixing pro-
cess in this zone.

Tensile test results

Tensile testing was conducted on the results 
of FSW of aluminum alloys 5083-O and 6061-T6, 
adhering to the ASTM E8 standards for specimen 
preparation, calculation, and modeling. The test-
ing is carried out with a rotation variation of 1100 

rpm, 1400 rpm, and 1800 rpm with a tilt angle or 
tool tilt 1° and 3°. From the data table (Table 3) 
below, the average value of the maximum tensile 
strength can be seen from the graph as a compari-
son to see the highest and lowest values of the 
welding process.

The analysis presented in Table 3 and Fig-
ure 9 demonstrates the tensile properties of FSW 
joints formed between aluminum alloys 5083-O 
and 6061-T6. The study provides critical values 
such as ultimate tensile strength (UTS), yield 
strength, elongation, and efficiency percentages 
that are essential for evaluating joint quality and 
determining optimal welding parameters relevant 
to specific applications. 

According to the test data, the base material 
(BM) 6061-T6 exhibits a UTS of 300.01 MPa and 
an elongation of 21.6%, while BM 5083 shows 
a UTS of 270.5152 MPa with 13.8% elongation. 
These parameters serve as a reference for assess-
ing welding outcomes. Notably, the results indi-
cate that the highest UTS value, recorded at Pa-
rameter 3 (1400 RPM, tool tilt of 1°), is 203.8449 
MPa, achieving an efficiency of 75%. This find-
ing suggests that the joint produced under Param-
eter 3 possesses the strength characteristics that 
are comparable to those of the base material BM 
5083-O, thereby rendering it suitable for the ap-
plications necessitating high tensile strength. 

Furthermore, this parameter achieves an op-
timal equilibrium between tensile strength and 
ductility. The application of a rotational speed 
of 1400 RPM generates a favorable temperature 
conducive to microstructural recrystallization, 
avoiding overheating and preserving mechani-
cal integrity. A welding speed of 30 mm/s fa-
cilitates uniform heat distribution, while a tool 
angle of 1° and a penetration depth of 0.2 mm 
enhance bond quality, mitigating the risk of de-
fects such as voids or porosity. In parameter 6, 

Table 3. Tensile strength test properties
Parameter UTS, MPa Yield strength, MPa Extension, % Efficiency, %

BM 6061-T6 300.01 275.59 21.6 -

BM 5083-O 270.51 219.41 13.8 -

1 171.04 115.41 12.1 63

2 165.05 101.84 12.06 61

3 203.84 143.15 13.67 75

4 195.13 126.08 13.07 72

5 190.43 115.44 13.06 70

6 186.37 112.89 16.96 69
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Figure 9. Tensile strength test results with different parameters

characterized by a rotational speed of 1800 rpm 
and a tool tilt angle of 3°, the sample exhibits 
the highest elongation of 16.967%. This value 
surpasses that of BM 5083, indicating enhanced 
ductility and a greater capacity to endure defor-
mation without fracturing. Although the UTS is 
measured at 186.3769 MPa, the significant elon-
gation observed can be attributed to microstruc-
tural alterations within the weld zone induced by 
the FSW process. The grain recrystallization oc-
curring during the welding process contributes 
to a refined microstructure, leading to a reduc-
tion in tensile strength while simultaneously en-
hancing ductility. The presence of smaller, more 
uniform grain sizes in the weld zone facilitates 
more consistent strain distribution, permitting 
the material to resist greater deformation prior 
to cracking. Additional factors influencing this 
behavior include the welding parameters, such 
as temperature and tool speed, which can foster 
microstructural conditions that prioritize elon-
gation over tensile strength. Consequently, the 
material in specimen 6 is particularly suitable 
for applications demanding significant deforma-
tion capabilities while maintaining low levels of 
tensile stress. This observation aligns with the 
findings of Kumar et al. [20], which propose that 
increased elongation is typically associated with 
process parameters that yield high heat input, 
thereby promoting grain refinement within the 
mixing zone. This synergy renders parameter 6 
ideal for scenarios requiring flexibility and tol-
erance to deformation. In comparison, Param-
eter 2 exhibited the least favorable mechanical 

properties, presenting a UTS of merely 165.0542 
MPa, a yield strength of 101.847 MPa, and an 
efficiency of 61%. These values suggest that the 
joint produced under these conditions is subopti-
mal and may demonstrate a higher susceptibility 
to failure relative to other joints. The diminished 
performance associated with Parameter 2 (1100 
rpm, 3°) can be attributed to the inadequate tool 
rotation speed and the excessively concave tilt 
angle of the tool. This configuration results in 
a grain structure that is misaligned in multiple 
directions due to the pronounced concavity of 
the trough angle. Consequently, the frictional 
interaction between both sides of the workpiece 
is compromised, leading to grain coarsening, 
which adversely impacts the material’s me-
chanical properties. This observation aligns with 
the research conducted by [21], which inves-
tigated the influence of rotational speed varia-
tions on microstructural outcomes. It was noted 
that at a rotational speed of 1100 rpm, the weld 
beads exhibit roughness, and the bond strength 
of the weld is diminished, corroborating the no-
tion of suboptimal rotational speed. Moreover, 
the disparity in mechanical properties between 
aluminum alloys 5083 and 6061 contributes to 
differences in plasticity and may negatively af-
fect ductility, particularly when the weld zone 
is dominated by the harder alloys, as also dem-
onstrated in studies [9, 22]. The most effective 
tensile test graph from the current study is pre-
sented below (Figure 10):

On the basis of the stress-strain graph present-
ed for FSW of 5083-O and 6061-T6 aluminum 
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utilizing various parameter combinations, it is 
evident that Parameter 3 yields the highest UTS 
value of 203.8449 MPa, accompanied by a joint 
efficiency of up to 75% and a ductility of 13.67%. 
The average results depicted in the figure indicate 
that all evaluated welding parameters result in 
UTS values lower than those of the base materi-
als. Notably, Parameter 6 demonstrates the great-
est elongation value in the welded joint, achieving 
16.97%. This enhancement in elongation reflects 
a superior ductility of the material, contributing 
to increased resistance against cracking and im-
pact. The scientific novelty of this research lies in 
the demonstrated ability to optimize mechanical 
properties through the strategic combination of 
welding parameters and the adherence to precise 
procedures. This study reveals an improvement 
in joint efficiency relative to previous investiga-
tions, facilitated by the application of innovative 
parameter combinations within the FSW process. 

The findings not only enhance the strength and 
ductility of the welded joints but also introduce an 
efficient and applicable approach for the FSW of 
5083-O and 6061-T6 aluminum alloy.

An analysis of flaw locations in the specimens 
indicates that the imperfections present in Param-
eter 3 are as shown in Figure 11. The tensile test 
specimen shown in the Figure 11 above represents 
the result of FSW between aluminum 5083-O and 
6061-T6 using parameter 3. The failure zone is 
identified in the welded specimen, as indicated 
in Figure 11(a). The defect region reveals that 
failure during the tensile testing occurred within 
the HAZ of the 6061-T6 portion, corroborating 
the initial observations from microstructure ex-
amination and hardness assessments. In this spe-
cific zone, the dissolution of Mg2Si precipitates 
transpires due to the elevated temperatures gen-
erated during the FSW process, leading to a sig-
nificant reduction in hardness values. This area, 

Figure 10. FSW stress-strain curves

Figure 11. Fracture location of tensile specimens (a) front view, (b) side view
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while subjected to heat, remains below the melt-
ing point, resulting in altered material properties 
as a consequence of the frictional forces during 
welding. As illustrated in Figure 11(b), the side 
view of the tensile test specimen demonstrates a 
fracture occurring at a 45-degree angle within the 
HAZ of the AA 6061-T6 side, identified as the 
most susceptible zone within the welding joint. 
This observation aligns with previously analyzed 
UTS and elongation values, supporting the con-
clusion that the parameter combination employed 
is effective in yielding a robust and ductile weld-
ed interface between aluminum alloys 5083-O 
and 6061-T6 [23].

CONCLUSIONS

In this research on friction stir welding stud-
ies on straight joints (butt joints) of dissimilar 
metals, specifically aluminum 5083-O and 6061-
T6, it can be concluded that the best mechanical 
properties are achieved with a tool speed of 1400 
rpm, a travel speed of 30 mm/s, and a tilt angle 
of 1°, resulting in a tensile strength efficiency of 
75% compared to the base material 5083. For the 
type of joint with the lowest tensile strength using 
welding parameters TRS 1100 rpm, travel speed 
30 mm/s, tool tilt 3° with an efficiency of 61%. 
The following conclusions can be drawn from this 
research: The analysis of microphotographs indi-
cates that the most vulnerable region of the fric-
tion stir weld (FSW) between 5083-O aluminum 
and 6061-T6 aluminum is in HAZ zone, on the 
AA6061-T6 side. This vulnerability is attributed to 
the pronounced growth of grains and grain bound-
aries, as evidenced through optical microscopy.

The optimal welding parameters are iden-
tified as a tool rotation speed of 1400 rpm, a 
feed rate of 30 mm/s, and a tool tilt angle of 1°. 
These settings facilitate the formation of a clean 
and uniform weld surface, devoid of significant 
defects, such as voids or excessive flash, while 
ensuring minimal material mixing between the 
5083-O and 6061-T6 aluminum alloys. Under 
these conditions, the weld nugget (WN) zone ex-
hibited the highest hardness values, ranging from 
70.1 to 70.5 HV, and displayed a homogeneous 
grain structure. Additionally, the UTS achieved 
203.8449 MPa, corresponding to a joint effi-
ciency of 75%, reflective of a robust connection 
closely resembling the properties of the 5083-O 
base material.

The elevated hardness observed in the WN 
zone under these parameters can be attributed to 
the equiaxed recrystallization resulting from the 
uniform mixing facilitated by the pin and tool 
interaction. This phenomenon is corroborated by 
microphotographs, which reveal relatively con-
sistent grain sizes, leading to increased hardness 
in the WN zone. Conversely, the lowest hardness 
values across all parameters were recorded in the 
HAZ zone on the 6061-T6 side, primarily due to 
the dissolution of Mg2Si precipitates.

Total tool speed, quantified as TRS, exhibits 
a substantial influence on welding outcomes. An 
optimal medium rotational speed (1400 RPM) es-
tablishes an ideal thermal profile conducive to en-
hanced material mixing, tensile strength, and hard-
ness. Conversely, a lower rotational speed (1100 
RPM) does not provide sufficient heat, whereas 
an elevated speed (1800 RPM) results in thermal 
overruns, particularly when working with 6061 
aluminum, leading to excessive flash and mechani-
cal degradation. Tool tilt also plays an important 
role; a 1° angle results in stable pressure and con-
trolled material flow, while a 3° angle results in un-
controlled material flow and material spillage.
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