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Abstract

Al 6061 is widely used in the automotive, aerospace, railway and shipbuilding industries
due to its excellent mechanical and metallurgical properties. Friction stir welding is a
solid-state method preferred in the welding of Al6061 alloy. In this study, Al 6061 plates
with a thickness of 3 mm were joined at tool rotational speeds of 900 and 1120 rpm, feed
rates of 50 and 80 mm.min−1, and tilting angles of 0◦ and 2◦ by friction stir welding using
a tapered pin tool in the Universal Milling Machine. To examine the mechanical properties
of welded specimens, tensile tests and microhardness tests were applied to them. The
microstructural evolution of the welded zones was studied using an optical microscope
and scanning electron microscope, and energy-dispersive X-ray spectroscopy analysis. The
tensile test results demonstrate that the specimen welded at 900 rpm tool rotational speed,
2◦ tilting angle, and 80 mm.min−1 feed rate exhibited the highest welding strength of
243.77 MPa and welding performance of 82.93%, while specimen welded at 1120 rpm tool
rotational speed, without tilting angle, and 50 mm.min−1 feed rate exhibited the lowest
welding strength of 105.76 MPa and welding performance of 36%.

Keywords: friction stir welding; welding parameters; microstructural properties; tilting
angle; microhardness distribution

1. Introduction
Friction stir welding (FSW), which was developed by The Welding Institute in 1991,

is a solid-state welding method [1,2]. Shortened welding time, automation convenience,
high welding strength values, and obtaining smooth weld surfaces are advantages of FSW.
Furthermore FSW needs no additional weld metal and protective gas [3,4]. Materials
joined by FSW are welded by extruding and plastically deforming before they reach their
melting point. The heat generated during FSW occurs during friction between the tool
and the material [5]. FSW can be utilized as a recent solution to welding high-strength
alloys such as 2XXX, 6XXX, and 7XXX series aluminum alloys, which are typically non-
weldable with conventional fusion welding due to low microstructure quality and abundant
porosity [6–9].

Today, with the world’s existing resources dwindling, energy conservation, reduction
of emissions, and environmental protection are important. Aluminum alloys are an ideal
material to achieve this goal due to their advantage of being lightweight but high-strength.
6XXX aluminum alloys are known for their good mechanical and metallurgical properties,
such as low density, good corrosion resistance, and ductility [10,11]. Al6061 alloys are
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widely used as structural materials for the automotive industry, aerospace industry, railway
vehicles, and shipbuilding [12]. Al6061 alloys are used in the automotive industry for
making wheel rims, wheel spacers, truck bodies, car frames, and fuel tanks. Al 6061
alloys are widely used in aerospace industry applications such as aircraft fuselages, aircraft
wings, landing ladders, service systems, engine cowlings, electronic equipment enclosures,
helicopter fuselage cladding, spacecraft, fuel tanks, and launch systems. They are used in
the railway sectors for making container bodies, goods wagons, carriages, and trams. And
they are also used in shipbuilding and the construction of helicopter platforms [13].

Recently, several researchers investigated the effect of tool rotational speed and feed
rate on the microstructure and mechanical properties of 7075 and 6061 aluminum alloy
welded by FSW [14]. Tensile tests of welded joinings show that the ultimate tensile strength
226.8 MPa was observed at 800 rpm tool rotational speed parameter and 160 mm.min−1 feed
rate parameter. Insitu digital image correlation (DIC) and electron backscatter diffraction
(EBSD) tensile test results indicated that the welded specimens fractured in the stir zone
(SZ) and the thermo-mechanically affected zone (TMAZ) on the Al6061 alloy side due to
their high dislocation density and significant plastic deformation. When the feed rate was
increased, heat input was decreased; thus, the dislocation density in the Al6061 TMAZ was
significantly increased, and the fracture location was shifted to this region. Furthermore,
certain researchers studied the effect of the sheet positioning for dissimilar FSW of DH36
Steel and Al6061 alloy [15]. The microstructural study showed that significant grain
refinement and grain elongation occurred in th SZ and TMAZ, respectively. According
to Energy Dispersive X-ray Spectroscopy (EDS) analysis results, intermetallic compounds
(IMCs) such as Al3Fe, AlFe, Al2Fe, and Al5Fe2 are thought to be present in the welded
joints. The highest tensile strength was obtained from welded joints by placing the AA6061
at the retreating side (RS) and DH36 steel at the AS.

The effect of tool pin geometry on FSW dissimilar aluminum alloys AA5083 and
AA6061 was investigated by some researchers [16]. Various tool shapes (square, cylindrical
with thread, and tapered with thread) were used in the joints during the FSW. The specimens
were welded by FSW at tool rotational speeds of 710 rpm, 900 rpm, and 1400 rpm with feed
rates of 60, 31.5, and 40 mm.min−1. The experimental results show that good joints were
obtained at a 900 rpm tool rotation speed and a feed rate of 40 mm.min−1. The highest
welding strength (191.2 MPa) was obtained from these parameters by utilizing a strung
apparatus pin profile. In another investigation, the thermal-assisted friction stir lap welding
(FSLW) for dissimilar materials of 6061-T6 Al alloy and thermoplastic polycarbonate was
studied [17]. Specimens were joined by FSLW with and without thermal assist. The
welding results demonstrated that the thermal-assisted FSLW showed the formation of a
better surface appearance at 140 ◦C. The highest tensile strength (34 MPa) was obtained
at an assisted temperature of 120 ◦C. Some researchers investigated the effect of welding
parameters on the microstructure and mechanical properties of FSW of Al6061 aluminum
alloy joints [18]. Welding was performed at a constant feed rate of 760 mm.min−1 and
tool rotational speeds of 950 and 1100 rpm. Results demonstrated that the better weld
properties are found at 950 rpm, and 3 weld passes. The highest microhardness (85 HV) was
obtained from specimens welded at 950 rpm, and 3 weld passes. And also hard precipitates
of Al2O3 were reported. Effects of tool structure and process parameters in FSW on the
temperature and mechanical properties of dissimilar copper–aluminium welded joints
were investigated by several researchers [19]. 3 mm-thick 6061-T6 aluminium alloy and
T2 pure copper plates, which were used in the study, were joined with FSW at different
welding parameters and tool structures. The experimental results showed that the heat
input increased as the shoulder diameter and pin diameter increased. The temperature of
the weld seam increased by 30◦ with every 2 mm increase in the shoulder diameter and
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proportionally with the increase in the pin diameter. It was observed that the feed rate was
more effective on the heat input than the tool rotational speed. When the threaded tool was
used during the welding process, an increase in the Al2Cu phases was observed, and as a
result, the tensile test strength increased from 183 MPa to 236 MPa.

Today, Al6061 alloys are widely used as structural materials in the automotive in-
dustry, aerospace industry, railway vehicles, and shipbuilding industry, due to their good
properties. There are problems such as porosity, low microstructure quality joining high-
strength Al6061 alloys with conventional fusion welding. FSW can be a good method for
solving the problems of the Al6061 alloy. The welding parameters, which tool rotational
speed, feed rate, and tilting angle, significantly affect the microstructure and mechanical
properties of FSW joints of Al6061 alloys. Therefore, Al6061 plates were welded through
the FSW method at different feed rates, different tool rotational speeds, and different tilting
angles in this study, to investigate the microstructure and mechanical properties of welded
joints. In this study, the effect of welding parameters on the mechanical and microstructural
properties of Al6061 alloy joined by FSW was investigated, and the best combination of
FSW parameters that provide the highest weld strength were determined.

Although FSW of aluminum alloys has been investigated in previous studies, the
reported results show that weld quality is highly dependent on the selected process pa-
rameters. Variations in tool rotational speed, feed rate, and tilting angle can significantly
influence microstructure and metallurgical properties of welded joints. Therefore, exper-
imental studies are still required to improve the understanding of the effect of welding
parameters on microstructural evolution and mechanical behavior in FSW of Al6061 alloy.
In this context, the present study investigates the effect of selected welding parameter
combinations (feed rate, tool rotational speed, and tilting angle) on the microstructure,
hardness distribution, and tensile properties of Al6061 FSW joints and provides additional
experimental data.

2. Materials and Methods
In this study, Al6061 plates with dimensions of 3 mm × 100 mm × 150 mm were used.

The nominal chemical compositions and mechanical properties of Al6061 alloy (provided
by Güray Aluminum Marketing Industry Trade Ltd. Co., Istanbul, Turkey) are introduced
in Tables 1 and 2, respectively.

Table 1. The nominal chemical composition of Al6061 alloy (wt%).

Element Al Mg Si Mn Fe Cu Cr

(wt%) Balance 0.8 0.4 0.03 0.7 0.18 0.03

Table 2. Mechanical properties of Al6061 alloy.

Material Tensile Strength
(MPa)

Yield Srength
(MPa)

Microhardness
(HV0.1)

Al6061 293 258 99

The surface oxides of the plates were removed with a steel brush, and then the surface
of the plates was cleaned using pure alcohol before FSW. Al6061 plates were butt-welded by
the FSW method with a weld direction perpendicular to the rolling direction. The welding
operation was performed in the Taksan FU 315 × 1250 Universal Milling Machine located
in the Laboratory of the Mechanical Department, Balıkesir Vocational School, Balıkesir
University (manufactured by Taksan Machine Tools Industry and Trade Inc., Kayseri,
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Turkey). Figure 1a shows the image of the FSW operation. The waiting time at the start of
welding was taken as 30 s, and the tool rotated in a clockwise direction in the FSW process.

  

Figure 1. (a) The image of FSW operation. (b) The tapered pin tool used in this study. (c) Tensile
test specimens and the welding zone on them. (d) Schematic view of FSW operation and tensile
test specimen.

A tapered pin tool was used in the research. This tool was made of 1.3343 high-speed
steel, and it has a microhardness of 62 HRC through heat treatment. The tool shoulder had
a flat geometry with a diameter of 12 mm. Scrolls, grooves, or surface features were not
machined on the shoulder surface. The shoulder was designed to provide frictional heating
and forging action during the welding process. Plunge depth of the shoulder was 0.12 mm.
A steady axial force of 7 KN had been applied for all FSW joints. The pin surface geometry
was flat. Pin depth was 2.85 mm. The outer diameter of the tapered pin was 3 mm, and
the inner diameter was 1.5 mm. Figure 1b shows the image of the tapered pin tool. Table 3
presents the welding parameters, which were selected based on preliminary experiments
in the experiments. In the coding of the welding parameters, the values of tool rotational
speed, tilting angle, and feed rate were used as 900/0/50, respectively.

Table 3. FSW parameters in the experiments.

Parameter Number Tool Rotational
Speed (rpm) Tilting Angle (◦) Feed Rate

(mm.min−1)

1 900 0 50
2 1120 0 50
3 900 2 50
4 1120 2 50
5 900 0 80
6 1120 0 80
7 900 2 80
8 1120 2 80
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After the FSW operation, tensile test was performed on the welded joints. The tensile
tests were performed using the Zwick Roell tensile testing machine (ZwickRoell Group,
Ulm, Germany) located in the Science and Technology Application and Research Centre
at Balıkesir University. For all conditions, three tensile specimens were prepared with
the weld seam in the middle and in accordance with the ASTM E8-04 standard [20]. The
drawing speed of the tensile test was determined 2 mm.min−1 at all the tensile tests and
the tensile strength of specimens were measured perpendicular to the welding direction.
The images of tensile test specimens are shown in Figure 1c.

The microhardness values of the welded specimens were measured using the Shi-
madzu HMV microhardness tester (Shimadzu Corporation., Kyto, Japan) at the Metallurgi-
cal and Materials Engineering Laboratory of 9 Eylül University. The measurements were
taken along a line perpendicular to the direction of the weld seam, at 1 mm intervals from
the middle of the plate thickness and on the weld surface, on the Vickers scale (HV0.1). The
measurements were performed under a load of 0.1 kg and a holding time of 15 s.

For the microscopic examinations, welded specimens with a cross-section perpendic-
ular to the weld direction were inserted in the bakelite mold. The weld cross-sections of
specimens were sanded with sandpaper of 220 to 1200 grit, and they were polished with
3 µm and 1 µm diamond paste. And then specimens were etched with Poulton reagent
(50 mL Poulton solution + 25 mL concentrated HNO3 + 40 mL chromic acid solution) for
30 s. The microstructure of welded specimens was observed by using an optical microscope
(OM) (Nikon DS-Fi1 (Nikon, Tokyo, Japan) located at Metallurgical and Materials Engi-
neering Laboratory of 9 Eylül University, Turkey) and scanning electron microscope(SEM)
(FEI QUANTA 250 FEG (FEI Company, Hillsboro, OR, USA)). And the localized chemical
composition of the weld zone was determined by energy-dispersive X-ray spectroscopy
(EDX) analyses.

3. Results and Discussion
3.1. Weld Appearances

In this study, Al6061 alloy was successfully welded by FSW. Figure 2a–h show the
surface images of the welded specimens.

Flash formation is observed in the weld edges of the retreating side in the welding
area, Figures 2a, 2b, 2e and 2f, which show Specimens 1, 2, 5 and 6, respectively. These
specimens were welded without a tilting angle. When welding is performed without a
tilting angle, the friction surface area between the shoulder and the material increases.
However, this situation makes it difficult for sufficient plasticised material to accumulate
in the area behind the pin to produce a forging effect. To maintain the vertical seam
pressure required for a successful weld, the tool plunge force that the machine must apply
increases. The inability to properly orient the material reduces the pressure behind the pin.
It is thought that this pressure loss and the high tool plunge force applied to achieve the
required penetration may have led to the deformed material protruding from the shoulder
edge and excessive flash formation on the weld surface.

Furthermore, when Figures 2a, 2b, 2e and 2f are examined, an irregular onion ring
appearance is observed in the weld zone of Specimens 1, 2, 5 and 6, respectively. In the
FSW process, the tilting angle ensures the smooth and homogeneous transport of material
backwards, supporting the formation of regular onion rings in the weld zone. It is thought
that welding these specimens without a tilting angle contributed to the irregular onion ring
appearance in the weld zones. Furthermore, uneven micro-relief is observed in Figure 2b,
which shows Specimen 2, in the weld zone. This is thought to be because Specimen 2 was
joined at a high tool rotational speed and a low feed rate without a tilting angle.

https://doi.org/10.3390/met16060674

https://doi.org/10.3390/met16060674


Metals 2026, 16, 674 6 of 17

  

  

  

Figure 2. The surface images of the welding specimens. (a) Specimen 1, (b) Specimen 2, (c) Specimen
3, (d) Specimen 4, (e) Specimen 5, (f) Specimen 6, (g) Specimen 7, (h) Specimen 8.

3.2. Mechanical Properties

Figure 3 shows the tensile strength values of the welded specimens and Al6061 base
material (BM).
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Figure 3. The tensile strength values of the welded specimens and Al 6061 base material.
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Specimen 1 (900/0/50) showed 116.94 MPa welding strength. Specimen 2 (1120/0/50)
showed the lowest welding strength (105.76 MPa) of all welding specimens. It is thought
that due to the absence of a tilting angle and also using high tool rotational speed and low
feed rate, the welding strength value of Specimen 2 was decreased. Specimen 3’s (900/2/50)
welding strength was 134.83 MPa. Also Specimen 4’s (1120/2/50) welding strength was
124.62 MPa. Specimens 1, 2, 3, and 4 were joined at 50 mm.min−1 feed rate. Specimen 1’s
and 2’s welding strength values were lower than Specimen 3’s and 4’s. Specimens 1 and 2
joined without tilting angle. Specimens 3 and 4 joined at 2◦ tilting angle. Specimen 1 and
Specimen 3 were joined at 900 rpm tool rotational speed. Specimen 2 and Specimen 4 were
joined at 1120 rpm tool rotational speed.

Specimen 5 (900/0/80) showed 193.29 MPa welding strength. Specimen 6 (1120/0/80)
showed a lower welding strength (147.94 MPa) than Specimen 5. According to the tensile
strength test results, as Specimen 7 (900/2/80) showed the highest welding strength (243.77)
of all welded specimens. Also, Specimen 8’s (1120/2/80) welding strength was 186.77 MPa.
Specimens 5, 6, 7, and 8 were joined at 80 mm.min−1 feed rate. Specimens 5 and 6 joined
without tilting angle. Specimens 7 and 8 joined at 2◦ tilting angle. Specimen 5 and Specimen
7 were joined at 900 rpm tool rotational speed. Specimen 6 and Specimen 8 were joined at
1120 rpm tool rotational speed. Specimen 5’s welding strength was lower than Specimen
7’s, and Specimen 6’s welding strength was lower than Specimen 8’s welding strength.

When the tilting angle was not used during the FSW process, the welding strength of
the specimens decreased. In the literature, it was noted that the tilting angle significantly
affected the mechanical properties of the joining by the FSW process. And the mechanical
properties of the joints prepared using the tilting angle during the FSW process were better
than those of the joints prepared without using the tilting angle [3,4,21–24]. In this study,
the tensile test results of Al6061 alloy joined with FSW at the same feed rate and tool
rotational speed showed that the tensile test values obtained when 0◦ tilting angle was
used were lower than those obtained when a 2◦ tilting angle was used.

According to the tensile test results, it is seen that the welding strengths of Specimens 5,
6, 7, 8 which were joined at feed rate of 80 mm.min−1, are higher than the welding strength
of Specimens 1, 2, 3, 4. It was determined that Specimens 1, 2, 3, 4, welding strength values,
which were joined at 50 mm.min−1 feed rate, decreased. When the feed rate increased to
80 mm.min−1, the welding strength of the specimens increased.

Heat input is essential for FSW operation because it has a major effect in controlling
the welded joint’s properties and quality. Welding parameters control the heat input in the
welding zone during the FSW operation. Tool rotational speed and feed rate designate the
amount of frictional heat generated, followed by plastic deformation and deformation heat.
Thus, choosing the suitable combination of those parameters is important for a defect-free
joint with a quality metallurgical bond and mechanical properties [3,4,13].

The feed rate controls the thermal cycle, residual stresses, and welding production
rate. According to the tensile test results, when the feed rate was increased during FSW
operation welding strength value of the specimens was increased. It was seen that the best
feed rate value was 80 mm.min−1 during the FSW operation in the study. Tool rotational
speed affects the density of plastic deformation occurring in the weld zone during the
FSW operation, and thus, this affects material mixing. High tool rotational speed with the
redundant free-of-stirred material on the top surface leads to macroscopic defects, such
as poor surface (flash), voids-gap, porosity, tunneling, or wormhole formation. The high
rotational speed causes extremely high heat input. Also, the low tool rotational speed
leads to poor stirring of the material and low heat input. When the tool rotational speed
was increased during FSW operation welding strength value of the specimens decreased.
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During the FSW operation, choosing middle amounts of heat input is suitable for plastic
deformation, stirring, material flow, and consequently quality joining [3,13,25,26].

During the joining with FSW of Al6061 alloy, AlFeSi, Fe3SiAl12, and Mg2Si IMC occur.
The IMC have a needle shape, and they lead to the loss of tensile strength of welded
specimens. Because the IMC peaked at a high tool rotational speed, the welding strength
of the specimens welded under a tool rotational speed of 1120 rpm was decreased in this
study [23,25,27–29].

Also in this study, it was seen that the welding strength of specimens joined with FSW
at high tool rotation speed (1120 rpm) and low feed rate (50 mm.min−1) are the lowest value.
Generally, a high tool rotational speed often causes increased stirring per unit time, while a
low feed rate causes increased stirring per unit length of workpiece. A combination of high
tool rotational speed and low feed rate brings about increased stirring of a unit length of
workpiece per unit time. Therefore, large frictional heat is generated per unit time, and the
plastic deformation is very severe, leading to a high degree of dynamic recrystallization.
Hence, substantial grain refinement is achieved, and the mechanical properties of the weld
joints of Al alloys are improved. In case of FSW of Al6061, care must be taken because
excessive heat generation will cause the dissolution of the strengthening precipitates,
which is the major strengthening mechanism in the alloy. Due to this, parameters such as
tool rotational speed and feed rate should be well-adjusted so that the dissolution of the
strengthening precipitates (i.e., the softening effect) is minimized while still achieving grain
refinement. In this research, experimental studies determined the suitable combination of
FSW parameters, resulting in significant improvements in the microhardness and tensile
strength of weld joints [30–32].

After FSW, the internal structure formed in the weld zone is examined in three regions
according to the structure of the grains and precipitation phases. These regions are classified
as SZ, TMAZ, and the heat-influenced zone (HAZ). The SZ is a region that undergoes
intense plastic deformation and experiences high friction temperatures during the welding
process. The SZ is defined as the “dynamically recrystallizing zone” or “weld center.”
Dislocation density is lower in the SZ, and the grains are finer and more oriented. TMAZ
is located between the SZ and HAZ, and is subject to high deformation and temperature.
In the TMAZ, intense forging occurs as the grains of the base metal are extruded from the
weld center into this region. The heat generated during FSW alters the microstructure and
mechanical properties of this region, causing the deformed grains to become elongated
and flattened. HAZ is closer to the weld metal and adjacent to the BM. The material in this
region is affected by the heat generated during mixing, resulting in partial changes in the
material’s structure and properties. Plastic deformation does not occur in this region. The
grains in this region exhibit properties very similar to those of the BM [3,4,13,31–38].

In addition, as shown in Figure 4, the microhardness values in the weld zone of the
specimens with the highest (Specimen 7) and lowest (Specimen 2) welding strength were
determined. In particular, the microhardness values were measured in the cross-section of
the Specimens 7 and 2. Microhardness distribution for specimens hold a W-shape pattern
consistently over distances from weld center line. In previous studies of aluminum welding,
it was stated by the authors that there was similur pattern. Specimen 7 achieved the highest
microhardness value of 90.27 HV, and Specimen 2 achieved the lowest microhardness value
of 77.05 HV in SZ.
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Figure 4. Microhardness variations of Specimen 2 and Specimen 7.

Minimum microhardness values are observed in HAZ and TMAZ. Since these regions
are exposed to heat and plastic deformation, they can generally reduce hardness while
promoting healing processes and the coarsening or dissolution of precipitated particles. In
SZ, however, the microhardness value increases due to the intense deformation and material
mixing that occurs during the welding process. This promotes the formation of a finer
microstructure in SZ through dynamic recrystallization. The tensile strength of the joints
is closely related to the microhardness variations in the weld zone, as regions with lower
microhardness are more susceptible to local deformation during tensile loading. Therefore,
the measured W hardness profile is considered to be consistent with the microstructural
characteristics observed in different weld zones.

Specimen 2 was welded without using a tilting angle, with low feed rate
(50 mm.min−1) and high tool rotational speed (1120 rpm) parameters. In FSW, the com-
bination of high tool rotational speed and low feed rate parameters causes good stirring
of the material during welding; therefore, a large amount of heat is generated in the weld
zone. Since the plastic deformation caused by the welding heat is very high, it leads to a
high degree of dynamic recrystallization and dissolution of the reinforcing solutions in the
material, which can causes a decrease in the microhardness of the SZ. It is thought that this
can be the reason for the decrease in microhardness in the SZ of Specimen 2. If appropriate
tool rotational speeds and feed rates are selected, the dissolution of reinforcing precipitates
(i.e., the softening effect) can be minimized while maintaining the beneficial effect of grain
refinement. Microhardness measurements of Specimen 7, welded with a tilting angle
of 2◦, a tool rotational speed of 900 rpm, and a feed rate of 80 mm.min−1, revealed the
highest microhardness value in the SZ. In FSW processes, selecting the parameters that
provide the best welded joints is crucial. When FSW parameters are properly adjusted,
significant improvements in the microhardness and tensile strength of welded joints are
achieved compared to the BM [3,4,13,35,36]. In this study, according to the tensile test
and microhardness measurement results, the best parameter combination that the highest
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welding strength and best microhardness values was a tool rotational speed of 900 rpm, a
tilting angle of 2◦, and a feed rate of 80 mm.min−1.

3.3. Microstructure and Phase Analysis

Figure 5a–c show OM images and of the Specimen 7’s welding zone, Figure 5d shows
a macroscopic image of the weld zone. Figure 5a shows that the stir mark on the pin and the
mixing in the welding area were successful and uniform. Figure 5b shows the fine-grained
structure in SZ. Figure 5c shows the fine-grained structure in SZ and the elongated and
oriented grain structure in TMAZ.

 

Figure 5. OM and macro images of Specimen 7’s welding zone. (a) Pin stir mark is shown in SZ.
(b) The fine-grained material structure in SZ. (c) SZ and TMAZ. (d) Macroscopic image of Specimen 7
showing weld region.

Figure 6a–d show SEM images of Specimen 7. Investigation of the macro, OM, and
SEM images of Specimen 7 reveals that the Al6061 alloy were successfully joined by FSW.
Mixing occurred uniformly in the weld zone, and no errors, voids, or defects were observed.
Welding parameters directly affect weld quality and welding strength. The 900 rpm tool
rotational speed and 80 mm.min−1 feed rate parameters increased the heat generated
during the welding process and the mixing effect of the pin. The 2◦ tilting angle parameter
increased the extrusion degree, causing the material in the weld zone to become viscous.
The deformation and extrusion density during the FSW process caused the grains to
shrink in the SZ. OM images of Figure 5a–c and SEM images of Figure 6a–d fine-grained
microstructure with a homogeneous distribution is observed in the SZ after mixing. In
Figures 5c and 6a–c, it is seen that the grains in the microstructure flatten and elongate in
the TMAZ, which is subjected to high deformation and temperature. A microstructure
close to the BM is observed in the HAZ region in Figure 6a,b.
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Figure 6. SEM images of Specimen 7 welding area. (a) Weld region. (b) SZ, TMAZ, HAZ and BM.
(c) SZ and TMAZ. (d) SZ.

Figure 7a–c show OM images of the weld zone of Specimen 2, and Figure 7d shows
a macro view of the weld zone of Specimen 2. Figure 7a shows that stirring in the weld
region was not fully achieved. In Figure 7b, the white IMC formations in SZ are noteworthy.
Figure 7c shows the microcracks and void-gap formations occurring in the TMAZ.

 

Figure 7. OM images of Specimen 2 welding area. (a) SZ, (b) IMC in SZ. (c) Micro crack and void-gap
in TMAZ. (d) Macroscopic image of Specimen 2 showing weld region.
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Figure 8a–d show SEM images of Specimen 2. Specimen 2 has the lowest welding
strength according to the tensile test results in this study. Examination of the macroscopic,
OM, and SEM images of Specimen 2 reveals that the two plates do not fully interlock in the
weld zone, and mixing is not fully achieved. Furthermore, a void-gap defect is observed
in the TMAZ. It is suggested that due to the combination of high tool rotational speed
and low feed rate, a large amount of frictional heat is generated per unit time, leading to
severe plastic deformation. It is thought that this can lead to a high degree of dynamic
recrystallization, resulting in significant grain refinement and dissolution of reinforcing
precipitates. It is thought that the excessive heat generated during the FSW process,
performed at a high tool rotational speed of 1120 rpm and a low feed rate of 50 mm.min−1,
causes the dissolution of the reinforcement precipitates, which are the main reinforcement
mechanism in the alloy, and the emergence of Al-Fe-Si-rich intermetallic phase, which
is thought to be Fe3SiAl12 IMC in the TMAZ. In Specimen 2, whose macroscopic image
of the weld zone is given in Figure 7d and SEM images of the weld zone in Figure 8a,b,
it can be seen that the two Al6061 plates joined by FSW in the weld zone are not fully
interwoven, and mixing is not fully achieved. In the Figure 7c OM image and the Figure 8c
SEM image of Specimen 2, a micro-crack and void-gap defect occurring in the TMAZ is
observed. In the OM image in Figure 7b and the SEM image in Figure 8d, light-colored
particles, Al-Fe-Si-rich intermetallic phase thought to be the Fe3SiAl12 IMC, are observed
in the microstructure in the SZ of Specimen 2. It is thought that the void-gap defect in the
TMAZ and the particles, thought to be an IMC in SZ, can cause the decrease in the weld
strength of Specimen 2. EDX analysis results of Specimen 2 are presented in Table 4.

  

  

Figure 8. SEM images of Specimen 2 welding area. (a) Weld region. (b) SZ, TMAZ and HAZ.
(c) Micro crack in TMAZ. (d) IMC in the SZ. Micro crack and void-gap in TMAZ.
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Table 4. Energy dispersive X-ray spectroscopic (EDX) analysis results of Specimen 2 (wt%).

Elements (wt.% wt%)

Al Mg Si Fe Cu Mn Cr Cl C O

Spectrum 1 66.22 0.13 5.63 16.71 1.31 0.89 0.79 0.16 2.43 5.73
Spectrum 2 67.73 0.24 5.60 16.64 0.83 0.46 0.49 0.15 2.47 5.39
Spectrum 3 65.28 0.13 5.41 15.76 0.97 1.01 1.57 0.14 2.59 7.14
Spectrum 4 92.28 0.51 0.18 - - - - - - 7.03

Figure 9 shows that Spectrums 1, 2, 3, and 4 in Specimen 2’s SZ. The wt wt% elemental
analyses of Spectrums 1, 2, and 3 of Specimen 2 were taken from the SZ region, which is
light-colored and thought to be an IMC.

 

Figure 9. SZ of Specimen 2.

It is suggest that the this IMC in the SZ reduced the welding strength of Specimen 2.
According to the EDX analysis results of Specimen 2, it is determined Al-Fe-Si-rich

IMC which is thought to be Fe3SiAl12 IMC in the SZ (Figure 10a–c).
Table 4 shows that EDX analysis results of Specimen 2. When the element ratios in the

Spectrum 1–3 results in Table 4 are examined, it is clearly determined that Specimen 2 has
Al-Fe-Si-rich intermetallic phase IMC in the SZ of it.

Table 4 shows the EDX analysis results of Specimen 2. Spectrum 1–3 is the EDX
analysis performed on the light-colored regions in the SZ zone of Specimen 2, which
are thought to be IMCs formation. When the element ratios in the spectrum 1–3 results
in Table 4 are examined, it is clearly determined that Specimen 2 has Al-Fe-Si-rich IMC
which is thought to be Fe3SiAl12 in its SZ. Figure 9 shows the SEM image of the SZ and
Figure 10a–d show the results of the EDX analysis (wt,%), of Specimen 2, from Spectrum
1–4, respectively.

According to Table 4, elemental analysis results of Spectrums 1, 2, and 3, the high
values of Fe and Si elements alongside the main compositional element Al, suggest that
there may be an Al-Fe-Si rich IMC formation at these points. When the %wt elemental
analysis of Spectrum 1 is examined, the values of 66.22% Al, 5.63% Si, and 16.71% Fe are
noteworthy as they are quite high compared to the ratio of other elements. This analysis
result is also given graphically in Figure 10a. In the %wt elemental analysis of Spectrum
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2, 67.73% Al, 5.60% Si, and 16.64% Fe values were measured. This analysis result is given
graphically in Figure 10b. In the %wt elemental analysis of Spectrum 3, 65.28% Al, 5.41%
Si, and 15.76% Fe were measured. This analysis result is also presented graphically in
Figure 10c. When the element ratios in the Spectrum 1–3 results in Table 4 and Figure 10a,
b, c are examined, it is determined that Al-Fe-Si rich IMC, which can be thought of as
Fe3SiAl12 IMC of Specimen 2’s SZ.

  

Figure 10. EDX analysis of Specimen 2 SZ. (a) Spectrum1, (b) Spectrum 2, (c) Spectrum 3,
(d) Spectrum 4.

The %wt elemental analysis of Spectrum 4 was taken from the dark-colored SZ region
of Specimen 2. The results showed 92.28% Al, 0.51% Mg, and 0.18% Si. The analysis
results are presented graphically in Figure 10d. The percentage of other elements form-
ing the Al 6061 alloy is very low and therefore could not be determined in the EDX
measurement results.

4. Conclusions
In this study, 3 mm thick Al 6061 plates were joined using FSW at tool rotational

speeds of 900 and 1120 rpm, feed rates of 50 and 80 mm.min−1, and tilting angles of 0◦

and 2◦. This study aims to determine the best combination of FSW parameters under the
present experimental conditions for joining Al6061 alloy with FSW, which is widely used in
the automotive, aerospace, defense, and shipbuilding industries due to its high corrosion
resistance, high strength, low density, and light weight. The effects of tool rotational speed,
feed rate, and tilting angle parameters on the microstructure and mechanical properties
of the FSW process for Al6061 alloy were investigated. The mechanical properties of the
welded specimens were investigated through tensile and microhardness tests. Microstruc-
tural changes of welded specimens were investigated using macroscopic, OM, and SEM
images and EDX analyses. The main conclusions include the following.
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(1) Specimen 7 (900/2/80) showed the highest welding strength (243.77 MPa), while
Specimen 2 (1120/0/50) showed the lowest welding strength (105.76 MPa). The
welding performances of Specimen 7 and Specimen 2 are 82.93% and 36%, respectively,
compared to the tensile strength of the Al6061 BM. When the tensile test results
were examined, it was observed that the welding strength of the welded specimens
decreased when the feed rate was reduced from 80 mm.min−1 to 50 mm.min−1.
Furthermore, it was found that the welding strength of specimens welded at the same
feed rate and tool rotational speed were higher when joined with a tilting angle of 2◦

than when joined without using a tilting angle.
(2) This study also showed that the welding strength of specimens welded by FSW with

a high tool rotational speed (1120 rpm) and a low feed rate (50 mm.min−1) were the
lowest. The combination of high tool rotational speed and low feed rate parameters
increases mixing during FSW, leading to the production of high friction heat, increased
dynamic recrystallization, and the dissolution of the strengthening solutions of the
Al6061 alloy, resulting in the formation of an IMC in the SZ.

(3) Macroscopic, OM, and SEM images of Specimen 2 show that the Al6061 plates are not
fully interlocked in the weld zone, the mixture is not fully achieved, and a void-gap
and micro crack defect has formed in the TMAZ. Furthermore, EDX analyses show
the formation of Al-Fe-Si-rich IMC which is thought to be Fe3SiAl12 IMC in the SZ.
It is thought that this IMC occurring in the weld zone can cause decrease in the
welding strength of Specimen 2. Examination of macroscopic, OM, and SEM images
of Specimen 7 show that a homogeneous mixture has formed in the weld zone, and
no defects, voids, or flaws have been observed.

(4) The microhardness distribution for the specimens consistently show a W-shaped
pattern with respect to distances from the weld centerline. Specimen 7 achieved the
highest microhardness value in SZ with 90.27 HV, while Specimen 2 achieved the
lowest microhardness value with 77.05 HV.

(5) According to the results obtained from this study, the best combination of FSW
parameters under the present experimental conditions that provide the best welded
joint in terms of mechanical and metallurgical aspects when joining Al 6061 alloy with
FSW are 900 rpm tool rotational speed, 2◦ tilting angle and 80 mm.min−1 feed rate.
The findings obtained from this study can be used in practical FSW applications of
Al6061 sheets used in many areas of industry.
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The following abbreviations are used in this manuscript:

Al6061 Aluminum 6061 alloy
FSW Friction stir welding (FSW)
SZ Stir zone
TMAZ Thermo-mechanically affected zone
IMC Intermetallic compounds
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FSLW Friction stir lap welding
ASTM E08 M-04 Standard Test Methods for Tension Testing of Metallic Materials
OM Optical microscope
SEM Scanning electron microscope
EDX Energy-dispersive X-ray spectroscopy
BM Base material
HAZ Heat-influenced zone

References
1. Zhou, B.; Feng, H.; Leng, Z.; Zhang, H. Effects of Microstructure and Mechanical Properties of Al/Mg Dissimilar Alloy with Pb

Interlayer by Friction Stir Welding. J. Sci. Adv. Mater. Devices 2025, 10, 100845. [CrossRef]
2. Chekalil, I.; Chadli, R.; Miloudi, A.; Ghazi, A.; Planche, M.P.; Mekid, S.; Raza, M.S. Effect of Corrosion Environments on the

Mechanical Properties of Friction Stir Welded Aluminum Alloy AA3003. J. Mater. Res. Technol. 2024, 33, 2353–2364. [CrossRef]
3. Tolun, F. Mechanical and Microstructural Properties of Friction Stir Welded AA5083 and AA5754 Aluminium Alloys. Kov. Mater.

2021, 59, 149–160. [CrossRef]
4. Xavier, J.F.; Rajendran, C.; Sivamaran, V.; Mandal, T.K. Characterization of Material Flow Behavior in Friction Stir Welded AA2014

Aluminum Alloy Joints. Mater. Test. 2024, 66, 1053–1062. [CrossRef]
5. Kumaran Selvaraj, S.; Manoj, A.L.; Mathew, A.B.; Govind, A.V.; Sundaramali, G.; Chadha, U.; Vajipeyajula, B.; Patterson, A.E.

Parameter Optimization for Dissimilar Aluminum Alloys Joined Using Friction Stir Additive Manufacturing: A Screening Study.
Eng. Rep. 2025, 7, e13039. [CrossRef]

6. Senthamaraikannan, B.; Krishnamoorthy, J. Material Flow and Mechanical Properties of Friction Stir Welded AA5052-H32 and
AA6061-T6 Alloys with Sc Interlayer. Mater. Test. 2023, 65, 1127–1142. [CrossRef]

7. Kumar, T.; Devarajan, N. Aluminum Alloys Based on Response Surface Methodology Optimization and Categorization of FSW
for AA7075 and AA6082. Smart Sci. 2025, 13, 94–108. [CrossRef]

8. Ma, P.K.; Jiang, D.P.; Jia, H.L.; Zhang, Y.X.; Yang, Y.H.; Liu, V.; Song, J.W.; Zha, M. Microstructures and Mechanical Behaviors of
FSW 6082-T6 Al Alloy Joints. Int. J. Mech. Sci. 2026, 310, 111072. [CrossRef]

9. Milagre, M.X.; Mogili, N.V.; Donatus, U.; Giorjão, R.A.R.; Terada, M.; Araujo, J.V.S.; Machado, C.S.C.; Costa, I. On the Microstruc-
ture Characterization of the AA2098-T351 Alloy Welded by FSW. Mater. Charact. 2018, 140, 233–246. [CrossRef]

10. Teker, T.; Soysal, T.; Akgün, G. Effect of Rotary Friction Welding on the Mechanical Properties of Al 6060 Alloy. Rev. Metal. 2021,
57, e206. [CrossRef]
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