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Abstract: Aluminum alloys emerged as one of the materials used in manufacturing automotive car
bodies due to their advantageous properties such as high strength-to-weight ratio, relatively low
cost, high ductility, and high corrosion resistance. However, joining aluminum alloys using fusion
welding poses serious problems due to the high solubility of hydrogen gas, which causes porosity
in welding metal. Subsequently, solid-state welding, such as friction stir welding (FSW), has been
considered a porosity-free aluminum joining method. However, the method has limitations, such
as low flexibility and the need for a complex clamping system. It is particularly problematic when
welding plates. It causes the welding process to be carried out twice on opposite sides, resulting in
longer production times. This study designed and assembled a one-step double-side FSW apparatus
to address this challenge and conducted welding trials with various welding parameters. During
the welding trial, the upper and lower tool rotation varied at 900/900 rpm and 1500/1500 rpm. As a
result, one-step double-side FSW was successfully used for welding 6 mm aluminum without any
porosity defects. Faster tool rotation results in a wider heat-affected area and higher tensile strength.
In addition, the hard test showed that the one-step double-side FSW process had a lower hardness
compared to the hardness of the base metal.

Keywords: design; one-step double-side friction stir welding (FSW) machine; lightweight vehicle car
body; aluminum; porosity

1. Introduction

Using lightweight materials such as aluminum for vehicle car bodies can significantly
reduce fuel consumption, resulting in faster and more efficient transportation [1–3]. There-
fore, vehicle car bodies for mass passengers such as buses and high-speed trains (HST)
are made of aluminum. Typically, welding is the preferred method for joining the various
components of these car bodies. In aluminum welding, the main challenge is the formation
of porosity caused by the very high solubility of hydrogen in the molten aluminum and the
hydrogen gas trapped in welding metal when it solidifies and forms pores [4–12]. An exam-
ple of porosity defects in aluminum fusion welding is shown in Figure 1. It is important to
observe proper welding procedures to avoid porosity in aluminum welding. Ensuring good
surface preparation, properly controlling weld parameters, using an effective shielding
gas, and choosing the right filler material are some of the steps that can help reduce the
likelihood of porosity occurring.

Designs 2023, 7, 75. https://doi.org/10.3390/designs7030075 https://www.mdpi.com/journal/designs

https://doi.org/10.3390/designs7030075
https://doi.org/10.3390/designs7030075
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/designs
https://www.mdpi.com
https://orcid.org/0000-0002-6622-0431
https://orcid.org/0000-0001-5217-5943
https://orcid.org/0000-0003-4562-0628
https://doi.org/10.3390/designs7030075
https://www.mdpi.com/journal/designs
https://www.mdpi.com/article/10.3390/designs7030075?type=check_update&version=1


Designs 2023, 7, 75 2 of 19

Designs 2023, 7, x FOR PEER REVIEW 2 of 22 
 

 

an effective shielding gas, and choosing the right filler material are some of the steps that 
can help reduce the likelihood of porosity occurring. 

 
(a) 

 
(b) 

Figure 1. Porosities: (a) surface porosity, (b) internal porosity appeared after penetrant test [13]. 

Porosity defects in aluminum welding can be overcome by semi-solid welding meth-
ods such as friction stir welding (FSW), which was discovered by The Welding Institute 
(TWI) in 1991 [14]. The working principle of FSW is to generate thermal energy by apply-
ing the friction of the rotating tool to the workpiece surface until it becomes soft (Figure 
2a). When the joined material is in soft conditions, a pin at the tool’s end is used to stir the 
material. It causes the material to flow at the interface of the two joined materials and form 
a joining. Since the materials are in semi-solid conditions, hydrogen gas cannot dissolve 
into welding metal, so porosity defect is not included [15,16]. However, despite its bene-
fits, FSW has some limitations, such as low flexibility and high clamping complexity, and 
can only be used for welding in a flat position. Moreover, welding in vertical and over-
head positions is limited, and FSW can only be performed on one surface of the joined 
plate. When applied to a thick plate, the pin length becomes a limiting factor, and the 
specimen must be reversed to perform on both sides of the plate. Reversing a large welded 
structure, such as a car body for a bus or train (i.e., underframe, side wall, and roof), re-
quires significant energy, time, and production risks [17,18]. It is important to design an 
FSW mechanism that can work on one step on two sides simultaneously in one welding 
run to solve this problem, known as a one-step double-side FSW, as seen in Figure 2b. 
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Figure 2. Friction stir welding: (a) existing method, (b) proposed method [19]. 

The previous studies aimed to increase the flexibility of the FSW process and com-
puter simulations for the motion mechanism of the FSW tool have proven to be very help-
ful in developing this method [20]. Improving the FSW process is carried out by reducing 
the resulting defects. These defects arise as a result of the selection of parameters that are 
not suitable. The parameters that affect FSW welding results are rotational speed, welding 
speed, tool deep plunge, tilt angle, and tool geometry [21]. Prabha et al., 2018 researched 

Figure 1. Porosities: (a) surface porosity, (b) internal porosity appeared after penetrant test [13].

Porosity defects in aluminum welding can be overcome by semi-solid welding meth-
ods such as friction stir welding (FSW), which was discovered by The Welding Institute
(TWI) in 1991 [14]. The working principle of FSW is to generate thermal energy by applying
the friction of the rotating tool to the workpiece surface until it becomes soft (Figure 2a).
When the joined material is in soft conditions, a pin at the tool’s end is used to stir the
material. It causes the material to flow at the interface of the two joined materials and form
a joining. Since the materials are in semi-solid conditions, hydrogen gas cannot dissolve
into welding metal, so porosity defect is not included [15,16]. However, despite its benefits,
FSW has some limitations, such as low flexibility and high clamping complexity, and can
only be used for welding in a flat position. Moreover, welding in vertical and overhead po-
sitions is limited, and FSW can only be performed on one surface of the joined plate. When
applied to a thick plate, the pin length becomes a limiting factor, and the specimen must be
reversed to perform on both sides of the plate. Reversing a large welded structure, such
as a car body for a bus or train (i.e., underframe, side wall, and roof), requires significant
energy, time, and production risks [17,18]. It is important to design an FSW mechanism
that can work on one step on two sides simultaneously in one welding run to solve this
problem, known as a one-step double-side FSW, as seen in Figure 2b.
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Figure 2. Friction stir welding: (a) existing method, (b) proposed method [19].

The previous studies aimed to increase the flexibility of the FSW process and computer
simulations for the motion mechanism of the FSW tool have proven to be very helpful in
developing this method [20]. Improving the FSW process is carried out by reducing the
resulting defects. These defects arise as a result of the selection of parameters that are not
suitable. The parameters that affect FSW welding results are rotational speed, welding
speed, tool deep plunge, tilt angle, and tool geometry [21]. Prabha et al., 2018 researched
the effect of tool rotational speed on the mechanical properties of AA 5083 weldments in
friction stir welding [22]. The lower rotational speed results in lower heat input and defects
such as cracks and pinholes in the friction stir processed zone and resulted from lower
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tensile values. In addition to the rotational speed of the tools, the tool geometry affects
the performance of the similar and dissimilar friction stir welding process to improve the
microstructure and mechanical properties of the joints. Therefore, the complex material flow
behavior at different welding levels of different aluminum alloys will affect the mechanical
properties of the welded joints [23]. Figure 3 shows the development of the FSW research
process over a decade to increase the welding result.
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However, most of the existing FSW research has been conducted on thin plates despite
the fact that the field applied thick plates such as cryogenic fuel tanks, airframes, nose
cap shells, and composite-wrapped high-pressure vessels [24]. To increase its strength,
a double-side FSW process is required. Hejazi et al. (2016) investigated that the tensile
strength of two-side FSW joints has a strength of 41% greater than that obtained for the
single-side FSW joint [25]. This method can be carried out using two-sided FSW joints,
namely the bobbin design tool or the conventional FSW method with a two-step welding
process. A bobbin-type tool is used, so there is no need for a backing plate, but it is
hard to use this tool under the condition that there is limited access to the back of the
weldment. Although the conventional FSW method with a two-step welding process is
flipped over and twice processed on both sides of the plate, this process takes a large
amount of production time and energy, so it is necessary to develop a one-step double-side
FSW method. In this method, two tools move simultaneously on the two sides of the plate
being welded so that the joining process can be performed with one welding step.

In contrast, the movement mechanism of a one-step double-side FSW tool is more
complex as the tool must simultaneously friction, stir, and move along both sides of the
joined plate to form a butt joint. Although limited information is available on the apparatus
and mechanism of the double-side FSW method, this study will provide an illustration of
its design and mechanism, evaluate the trials of influential parameters, and optimize the
process. During the welding trial, aluminum alloy AA6061 was used, and the upper and
lower tool rotation varied at 900/900 rpm and 1500/1500 rpm. The joints were evaluated by
using radiographic testing, macro and microstructure evaluation, and mechanical testing.

2. Materials and Methods
2.1. Apparatus Design and Assembling

The design was carried out in a sequence, according to design standards of machine
elements, including the identification of problems, the selection of parts movement mecha-
nisms, the calculation of forces and stresses that occur in parts, the selection of materials,
the measure of the parts of dimensions, as well as finally fittings and assembling of parts.
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Based on the tool motion mechanism of one-step double-side FSW as seen in Figure 2b,
the apparatus and the movement mechanism of its parts were designed using SolidWorks
software. The geometry, size, and shape of the main parts of the apparatus were determined
with this software. Tool movement mechanism, workpiece table, and support plate were
modeled to evaluate the efficiency of the motion path. Furthermore, the design of the
power machine was performed on the main parts of the apparatus. The design is based
on trial data from a single-side FSW machine, where to achieve a good FSW welding joint,
the pressure on the tool post must be set at 2.5 MPa. By applying a safety factor of 2, the
operating pressure of the machine is 5 MPa. The friction coefficient between the tool surface
and the workpiece is assumed to be 0.3. In order to obtain the required motor power,
the following calculations are performed: calculating the compressive force of the tool on
the workpiece using Equation (1), determining the friction force between the workpiece
surface and the tool using Equation (2), calculating the maximum torque on the tool using
Equation (3), and, finally, calculating the minimum motor power using Equation (4).

The selection of the material was carried out based on the existing single-side friction
stir welding. The main components of the machine body used AISI 1030 steel because it
has high strength and hardness, low price, and good machinability and weldability. AISI
1030 steel has a yield strength of 440 MPa, which is significantly higher than the stresses
that occur during welding. The selection of this material aims to ensure that the machine is
safe, rigid, and has no vibrations. After the selection of the material, purchasing materials
for the apparatus parts was then performed. The raw materials were then machined to
create designed shapes and sizes, and some parts were purchased in semi-assembling
condition. Finally, the parts were assembled into a machine. The flow chart of the machine
manufacture is shown in Figure 4.

F = Pt × A (1)

Ff = F × µ (2)

T = Ff × r (3)

Pm =
2πnT

60
(4)

where F is the compressive force of the tool to the surface of the workpiece, Pt is the pressure
of the tool, A is the cross-section area of the tool, Ff is the friction force of the tool on the
workpiece surface, µ is friction coefficient between the tool and workpiece surface, T is
torsion, r is the radius of the tool, n is the tool rotational speed, and Pm is the motor power.

2.2. Welding Trials and Parameter Process Evaluation

The assembled one-step double-side FSW machine was tested with potentially influ-
ential welding parameters on both the first and second tools, including tool rotation speed,
transverse tool speed, and tool plunge depth. The solution for the test was carried out
by varying the rotation speed of the upper and lower tool. In contrast, other parameters,
such as transversal speed, tilt angle, and plunge depth, were kept constant at 30 mm/min,
2◦, and 2.0 mm, respectively. The rotation speed of the upper and lower tool varied from
900/900 and 1500/1500 rpm in the same direction.

Aluminum alloy 6061 with a thickness of 6 mm was selected as the study material.
This material was chosen because it has good strength, formability, corrosion resistance,
weldability, and easy recycling. Therefore, AA6061 is widely applied to vehicle struc-
tures, especially car-body trains. The chemical composition of this material is shown in
Table 1 [25]. The FSW tool was cylindrical straight and made from AISI H13 steel with
increased hardness and wear through heat treatment. The shoulder diameter, pin diameter,
and pin height were 20 mm, 5 mm, and 2 mm, respectively. The detailed dimension of the
tool is shown in Figure 5.



Designs 2023, 7, 75 5 of 19Designs 2023, 7, x FOR PEER REVIEW 5 of 22 
 

 

 
Figure 4. The flow chart of the one-step double-side FSW machine design. 

F = Pt × A (1)

Ff = F × μ (2)

T = Ff × r (3)

Pm = ଶ୬  (4)

where F is the compressive force of the tool to the surface of the workpiece, Pt is the pres-
sure of the tool, A is the cross-section area of the tool, Ff is the friction force of the tool on 
the workpiece surface, μ is friction coefficient between the tool and workpiece surface, T 
is torsion, r is the radius of the tool, n is the tool rotational speed, and Pm is the motor 
power. 

2.2. Welding Trials and Parameter Process Evaluation 
The assembled one-step double-side FSW machine was tested with potentially influ-

ential welding parameters on both the first and second tools, including tool rotation 
speed, transverse tool speed, and tool plunge depth. The solution for the test was carried 
out by varying the rotation speed of the upper and lower tool. In contrast, other parame-
ters, such as transversal speed, tilt angle, and plunge depth, were kept constant at 30 
mm/minute, 2°, and 2.0 mm, respectively. The rotation speed of the upper and lower tool 
varied from 900/900 and 1500/1500 rpm in the same direction. 

Aluminum alloy 6061 with a thickness of 6 mm was selected as the study material. 
This material was chosen because it has good strength, formability, corrosion resistance, 
weldability, and easy recycling. Therefore, AA6061 is widely applied to vehicle structures, 
especially car-body trains. The chemical composition of this material is shown in Table 1 

Figure 4. The flow chart of the one-step double-side FSW machine design.

Table 1. Chemical composition of AA6061-T6 (wt%) [26].

Element Al Si Cu Fe Mn Mg Ti Zn
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The welding coupon test has a dimension of 100 mm × 200 mm × 6 mm with a butt
joint, as seen in Figure 6. The vertical tool force is set at 125 N and will be measured using
a digital display torque wrench during the tool plugging stage. Non-destructive tests,
macrostructural observations, and tensile strength tests were carried out to evaluate the
FSW double-side welded joints. A non-destructive test (NDT) aims to ensure the absence
of defects in welding specimens. This test used an X-ray generator type Eresco 65 MF4. The
microstructural observation was carried out to determine changes in types, grain shape, and
grain size of phases due to the double-side FSW process. The etching procedure referred
to as ASTM E 407–99 Standard Practice for Metals and Alloys Microetching consists of
polishing and etching using Keller’s reagent, which is 5 mL HNO3, 2 mL HF, 3 mL HCl,
and 190 mL H2O in about 5 to 10 s [27]. The micro-Vickers hardness test was carried out
with a small indenter, a load of 200 g, a holding time of 12 s, and the distance between the
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test points was 2 mm. The results obtained a different distribution of hardness values in
each welding area, such as base metal, heat affected zone (HAZ), thermo-mechanically
affected zone (TMAZ), and weld nugget zone (WNZ), as seen in Figure 7. Tensile testing is
carried out to determine the welding joint’s tensile strength, yield strength, and fracture
character. The specific standard for double-side friction stir welding is not yet available. So,
tensile testing refers to ASTM E8 Standard Test Methods for Tension Testing [27]. Figure 8
shows this condition with the shape and dimension of the specimen.
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3. Apparatus Design on One-Step Double-Side FSW

Based on the problem identified, one-step double-side FSW is believed to be one of
the solutions to improve FSW flexibility. Subsequently, a study has been widely performed
on one-step double-side FSW with a focus on microstructure and tensile strength [28–33],
material flow [34], thermal field [35], and modeling [36]. However, the study used a two-
step double-side FSW method, where the first FSW welding was performed on one surface,
the then welded plate was flipped over, and the second welding was performed on the
other surface. The flexibility of this two-step double-side FSW method is still limited, and
the FSW machine is designed to be a one-step double-side FSW, where two tools (top and
bottom) simultaneously perform welding on the upper and lower surfaces. Two tools can
adjust the rotational speed and direction of rotation (clockwise and counterclockwise) so
the welding results can be adjusted as desired.

The standard components of the one-step double-side FSW machine include the motor,
head tool, and rails. These components are then purchased, measured, and modeled in
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SolidWorks software using the actual dimensions of the purchased machine components.
In this modeling, non-standard components such as the table and clamping system are
designed according to other components. The modeling results ensure that the movements
between components can run smoothly and without colliding. The moving components in
this model can be moved and viewed from various angles to check the suitability of the
movement with the designed mechanism, as shown in Figure 9.
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After the model has been evaluated, the components of the one-step double-side FSW
machine are assembled one by one to form a prototype, as seen in Figure 10. Based on the
figure, the one-step double-side FSW machine has several main parts, namely the head,
bed or table, and tool, with functions as follows:
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The head consists of a motor, tool post, and motion mechanism that transfers motion
from the engine to the tool. Each head also has a mechanism to move tools to make contact
with the surface of the workpiece. This machine has two heads called the bottom and top
heads. The bottom head performs welding on the lower surface, called the 4G welding
position, whereas the top head performs welding on the upper surface, called the 1G
welding position. The motor power calculation of this machine is limited by several factors,
including a maximum tool rotational speed of 1800 rpm, a maximum tool diameter of
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20 mm, and a maximum tool pressure of 2.5 MPa. Based on the limitations, the calculations
using Equations (1)–(4) obtain a compressive force on the tool of 1570 N, a friction force
between the tool and the workpiece of 471 N, a torque of 4.71 Nm, and the motor power
is 1.2 HP.

The bed or table is used to maintain the position of the sample during the DFSW
process. This bed has a motion mechanism that moves the workpiece across the tool at a
certain speed called welding speed. The clamping system also has a function to prevent
the tool from hitting the workbench or other components. Figure 10 shows the specimen
anvils, clamping system, and bed table, which serve to place the specimen.

The tool is used to apply friction to the sample surface and simultaneously provide
stirring. Hence, the welded material flows and mixes to form a joint. To produce good
material flow, the tilt angle setting needs to be adjusted. This aims to make the slope of the
tools max 5◦. However, in this experiment, the tilt angle of the tools is 2◦. Furthermore, to
perform this system, the tool is shaped so that it has two parts: the shoulder and the pin.
The shoulder is the part that rubs against the sample surface to generate heat and soften
the sample, whereas the pin is the protruding part on the shoulder that stir the softened
material. This machine has two tools mounted on the top and bottom heads.

The one-step double-side FSW machine shown in Figure 11 is then trialed for a 6 mm
AA6061 aluminum plate. Besides that, limiting the thickness aims to produce good quality
welds and the machine’s safety. Before the process runs, the sample is set on the table so
that the top and bottom surfaces are level and aligned with the movement of the upper and
lower tool. In the first trial, welding was stopped before finishing when the tool traveled
approximately 20 cm because the upper tool vibrated, resulting in unwelded a disjoint on
the workpiece, as shown in Figure 12.

During the FSW process, the load acting on the specimen is very complex in terms of
direction and type of load, including friction force, stirring force, transverse force, tangential
force, thermal force, and torque due to rotary and linear motion of the tool [37,38]. Due to
the two tools worked on the specimen surfaces, the one-step double-side FSW has more
complex forces than forces on the one-side FSW. These forces significantly affect the joint
quality, including defects and mechanical properties of welding joints [39,40]. These forces
should be directed to channel the energy produced into the workpiece joining process.
The components that transfer energy, such as tools and tool posts, should be as rigid as
possible to dampen transverse, lateral, and plunge forces [41,42]. Figure 13 illustrates the
force applied in the one-step double-side FSW process. The traverse force acts parallel to
the tool movement and is positive in the traverse direction. Since this force arises from
the friction of the material to the movement of the tool, it can be expected that this force
will decrease as the temperature of the material around the tool increases. An axial force
is required to maintain the position of the tool on the material surface. Some friction-stir
welding machines operate under load control, but in most cases, the vertical position of
the tool is pre-set so that the load will vary during welding [38]. In the case of the one-step
double-side FSW process, the pair of opposite forces generated by upper and lower tools are
subjected to the workpiece. The torque of the rotated tool is responsible for heat generation
and material flow, so torque is directly related to FSW quality. It will generate the tangential
forces around the tool surface. Additionally, the torque increases with increasing motor
power, decreasing tool rotational speed, and increasing the tool diameter. As the rotation
tools move along the joint of the two base metals, one part is on the advancing while the
other is on the retreating side.

Based on a previous study on the forces in FSW, the forces and torque should be kept
within a safe range to produce a defect-free weld joint and prevent damage to the tool
and apparatus. In the case of the one-step double-side FSW trial, the tool’s vibration is
suspected to be caused by a too-long tool post and tool. This part will be buckled when
the plunging force is applied and vibrated when it is rotated, as illustrated in Figure 14.



Designs 2023, 7, 75 9 of 19

Buckling of the beam will occur when critical force or critical beam length is exceeded.
They are calculated based on the equation:

F =
π2EI

L2 (5)

where F is critical force, E is Young’s modulus, I is moment inertia, and L is critical beam
length. The critical force will be higher when the beam is shorter [43]. Unfortunately, in this
study, the length of the tool post was designed to reach the specimen and allow for more
space for a thick plate or a hollow extrusion panel, so it was forbidden to be cut. Therefore,
the solution is not to cut the tool post but to provide flexible reinforcement so that the
tool post can withstand the plunging force without buckling. The support is attached to
machine bodies and tool posts, as shown in Figure 15.
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After installing the upper tool post-reinforcement, the second welding trial is carried
out with the same welding parameters as the first trial, as shown in Figure 16. The welding
trial was performed in two levels of tool rotations (900/900 rpm and 1500/1500 rpm).
These trials successfully joined the sample with a 40 cm long welding line on both the
sides of the upper (1G position) and lower (4G position). The resulting bead is smooth,
flat, and consistent in width (Figure 16). Radiographic testing, macro and microstructure
observations, microhardness tests, and tensile tests were conducted to test welding results
in more detail.
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4. Characteristics of One-Step Double-Side FSW Joint

The characteristics of the welded joint in one-step double-side FSW using radiographic
testing, macro and microstructure evaluation, and mechanical testing. Figure 17 shows no
defects in the one-step double-side FSW joint, both with 900/900 rpm and 1500/1500 rpm,
such as porosity, incomplete penetration, or incomplete fusion. Subsequently, welding
aluminum with solid-state welding has been previously approved as a process with fewer
porosity defects compared to fusion welding [16,31,43,44]. In solid-state welding, hydrogen
gas does not dissolve in aluminum, and porosity due to trapped hydrogen gas in the
molten aluminum will not occur [45,46]. This is reinforced by the results of macrostructure
observations, as shown in Figure 18. It shows the cross-sectional macrostructure of the
one-step double-side FSW joint. Several zones are formed, namely the nugget zone (NZ),
the thermo-mechanically affected zone (TMAZ), and the heat-affected zone (HAZ). Due to
two tools working in the workpiece, NZ consists of upper NZ and lower NZ.

Designs 2023, 7, x FOR PEER REVIEW 14 of 22 
 

 

 
Figure 17. Result of radiography test on the one-step double-side FSW joint: (a) tool rotation speed 
of 900/900 rpm, (b) tool rotation speed of 1500/1500 rpm. 

 
Figure 18. Macrostructure of the one-step double-side FSW joint: (a) tool rotation speed of 900/900 
rpm, (b) tool rotation speed of 1500/1500 rpm. 

The microstructure of the base metal AA6061 can be seen in Figure 19. Grains tend 
to be flatly elongated due to the influence of the cold rolling process during manufactur-
ing. Microstructure consists of two distinct phases: aluminum alloy matrix (α-Al) and pre-
cipitate (β’’-Mg5Si6), which are well dispersed in the matrix. The precipitation phase oc-
curs as a result of the T6 heat treatment of the aluminum alloy [48]. 

Figure 17. Result of radiography test on the one-step double-side FSW joint: (a) tool rotation speed
of 900/900 rpm, (b) tool rotation speed of 1500/1500 rpm.

Designs 2023, 7, x FOR PEER REVIEW 14 of 22 
 

 

 
Figure 17. Result of radiography test on the one-step double-side FSW joint: (a) tool rotation speed 
of 900/900 rpm, (b) tool rotation speed of 1500/1500 rpm. 

 
Figure 18. Macrostructure of the one-step double-side FSW joint: (a) tool rotation speed of 900/900 
rpm, (b) tool rotation speed of 1500/1500 rpm. 

The microstructure of the base metal AA6061 can be seen in Figure 19. Grains tend 
to be flatly elongated due to the influence of the cold rolling process during manufactur-
ing. Microstructure consists of two distinct phases: aluminum alloy matrix (α-Al) and pre-
cipitate (β’’-Mg5Si6), which are well dispersed in the matrix. The precipitation phase oc-
curs as a result of the T6 heat treatment of the aluminum alloy [48]. 
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Furthermore, there is a new zone on the one-step double-side FSW joint located
between the upper and lower NZ, named the interaction zone (IZ). The IZ does not
experience material mixing but is exposed to heat and mechanical force from the two
rotating pins. Figure 18 also shows the higher the tool rotation speed causes the wider
HAZ and TMAZ. The heat input increases as increasing tool rotation speed and widens
HAZ and TMAZ [47].
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The microstructure of the base metal AA6061 can be seen in Figure 19. Grains tend to
be flatly elongated due to the influence of the cold rolling process during manufacturing.
Microstructure consists of two distinct phases: aluminum alloy matrix (α-Al) and precipi-
tate (β”-Mg5Si6), which are well dispersed in the matrix. The precipitation phase occurs as
a result of the T6 heat treatment of the aluminum alloy [48].
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Figure 19. Microstructure of the base metal AA6061.

Microstructures of each zone for both tool rotation speed of 900/900 rpm and 1500/1500 rpm
is summarized in Table 2. The NZ is subjected to plastic deformation, thermal cycling, and
material movement due to friction and stir from shoulders and pins. This zone undergoes
significant dynamic recrystallization resulting in a fine-grain structure [49]. The precipitate
lead to the evolution of complex microstructures, including the dissolution of the precipitate
from artificial aging processes [17]. In general, the grain size formed in NZ will be larger as
the heat input increases due to the tool rotation speed increasing. There is no significant
difference in grain size between the upper (NZ-u) and lower (NZ-l). TMAZ experiences
plastic deformation and thermal cycling due to friction and mechanical force from the
shoulder but does not experience material movement due to stirring, so it does not undergo
dynamic recrystallization [49]. However, the re-dissolving of the precipitate occurred due to
high-temperature exposure during FSW. The amount of solubility depends on the thermal
cycle in TMAZ [24]. In general, the grain size of TMAZ will increase with increasing
heat input caused by increasing the tool rotation speed. HAZ undergoes limited plastic
deformation and recrystallization so that it has almost the same grain as the base metal
but is coarser [25]. In general, HAZ changes phase grains due to the influence of heat
from welding, where the grains that are flatly elongated due to the cold rolling of the base
metal will return to the shape before the rolling process. The IZ consists of grains that are
plastically deformed by the heat and mechanical forces of the pins. IZ does not undergo
recrystallization, so it has a larger grain size than NZ grains. IZ grain size differs greatly
from the thermo-mechanically affected zone (TMAZ).
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Table 2. Microstructure of the zones in one-step double-side FSW joint.

900/900 rpm 1500/1500 rpm
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Figure 20 shows the hardness distribution of the upper and lower parts of one-step
double-side FSW. From this figure, there is no difference in the hardness of the upper and
lower part. The hardness decreases in the TMAZ area and slowly increases at the transition
between the HAZ and TMAZ. This decrease in hardness is due to heat, plastic deformation,
and recrystallization that occur during welding, eliminating the effects of cold working and
precipitation hardening beforehand [50]. The NZ hardness sharply increases in the middle,
forming a hardness distribution in a ‘W’ profile. This hardness profile usually occurs in
heat-treatable aluminum alloys. The average NZ hardness of the FSW joint with a tool
rotational speed of 1500/1500 rpm is around 63 VHN. Due to the larger grain size, it is
softer than an FSW joint with a tool rotational speed of 900/900 rpm. Both specimens have
lower hardness when compared to the base metal hardness.
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Figure 21 shows the average maximum tensile strength of the base metal and one-
step double-side FSW joints. The tensile strength of the one-step double-side FSW joints
for all variations of tool rotation speed is lower than that of the base metal. The joint
efficiency is defined as comparing the tensile strength of the weld joint to the base metal.
The tool rotation speed of 1500 rpm produces better joint efficiency than 900 rpm. When
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the tool rotation speed is too low, such as 900 rpm, the material mixing becomes uneven
and relatively less heat input during welding, resulting in incomplete recrystallization
and a decrease in tensile strength. The hardness test results show that tensile strength is
reduced due to softening zones appearing. The degree of softening increases and is directly
proportional to the increasing tool rotational speed [45]. When AA 6061-T6 is exposed to
temperatures above 200 ◦C, for example, during welding, dissolution of the reinforcing
deposits occurs (i.e., loss of the T6 state). For example, FSW of aluminum alloys occurs at
temperatures around 400–450 ◦C, which will make the dissolution of the reinforcement
precipitate and cause the mechanical properties of joints to decrease. Despite significant
grain refinement, the loss of tensile strength indicates that the precipitate reinforcement
phase is the main strengthening mechanism in AA 6061-T6 [49]. The effect of this precipitate
mechanism causes an increase in the mechanical properties of the weld zone [50].
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Figure 21. Tensile strength of one-step double-side FSW joint.

Figure 22 shows that all specimens were brittle and fractured. The brittle fracture
structure consists of a predominance of the cleavage structure and only a slight dimple.
It indicates that the specimen is low fracture toughness, hard but brittle [51]. It occurs by
direct crystallographic separation due to the loss of ionic bonds and makes a trans-granular
fracture, where the fracture cuts through the grain. It is characterized by multifaceted
fracture texture due to the orientation difference between grain and grain.
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Figure 22. The fracture surface of tensile test: (a) tool rotation speed of 900/900 rpm, (b) tool rotation
speed of 1500/1500 rpm.
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5. Conclusions

A one-step double-side FSW apparatus was designed and made, and through welding
trials using various parameters, successful welding of 6 mm aluminum was achieved
without any porosity defects. The specifications of this apparatus are a maximum tool
rotation speed of 1800 rpm, maximum tool diameter of 20 mm, and pressure of tool of
2.5 MPa. The clamping system has proven to influence the welding process and its results.
Due to the complexity of the load and the direction of movement during welding, strong
vibrations were generated, which needed to be addressed by the clamping system. As a
result, future work should focus on designing a strong and rigid clamping system that is
also easy to install and remove, enhancing the flexibility of the one-step double-side FSW
process. The results of one-step double-side FSW with different tool rotational speeds show
that the degree of softening increases and is directly proportional to the increase in tool
rotational speed. It caused the resulting tensile strength value to be higher. In addition,
the hard test resulted that one-step double-side FSW having a lower hardness value when
compared to the hardness of the base metal. Therefore, the one-step double-side FSW
method was the best solution to produce aluminum welded joints with minimal defects
and higher tensile strength.

Author Contributions: Conceptualization, T. and J.; methodology, N.M.; software, A.R.P.; validation,
P.P.; investigation, E.D.W.S.P., Y.P.D.S.D. and H.; writing—original draft preparation, T.; writing—
review and editing, T. All authors have read and agreed to the published version of the manuscript.

Funding: The apparatus was funded by BRIN through RIIM schema, grant number: 1562.1/UN27.22/
HK.07.00/2022, while Universitas Sebelas Maret funded research activities through Indonesian
Collaboration Research (RKI) 2022, grant number: 872.1/UN27.22/PT.01.03/2022.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not available.

Acknowledgments: The authors would like to thank Universitas Sebelas Maret Surakarta and Badan
Riset dan Inovasi Nasional, Indonesia, for providing many facilities and financially supporting
through RKI 2022 (Contract No. 872.1/UN27.22/PT.01.03/2022) and RIIM 2022 grant (Contract No.
1562.1/UN27.22/HK.07.00/2022), Isworo Jati for preparing equipment set-ups, and all students in
the METALS research group for assisting this research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gao, J.; Chen, H.; Li, Y.; Chen, J.; Zhang, Y.; Dave, K.; Huang, Y. Fuel consumption and exhaust emissions of diesel vehicles in

worldwide harmonized light vehicles test cycles and their sensitivities to eco-driving factors. Energy Convers. Manag. 2019, 196,
605–613. [CrossRef]

2. Krishna, G.V.T.N.; De, R.K.; Burman; Sekhar, B.V.; Rao, V.G. Numerical and experimental comparative study of Aluminum and
hybrid mounting interfaces of launch vehicle avionics for weight reduction. Procedia Struct. 2019, 14, 820–829. [CrossRef]

3. Sun, W.; Chen, X.; Wang, L. Analysis of Energy Saving and Emission Reduction of Vehicles Using Light Weight Materials. Energy
Procedia 2016, 88, 889–893.

4. Carlson, K.D.; Lin, Z.; Beckermann, C. Modeling the Effect of Finite-Rate Hydrogen Diffusion on Porosity Formation in Aluminum
Alloys. Metal. Mater. Trans. B 2007, 38, 541–555. [CrossRef]

5. Yan, B.; Gao, H.M.; Wu, L.; Ma, Z.H.; Cao, N. Influence of Plasma-MIG Welding Parameters on Aluminum Weld Porosity by
Orthogonal Test. Trans. Nonferrous Met. 2010, 20, 8.

6. Lee, P.D.; Chirazi, A.; See, D. Modeling Microporosity in Aluminum-Silicon Alloys: A Review Modeling Microporosity in
Aluminum ± Silicon Alloys: A Review. J. Light Met. 2017, 5317, 15–30.

7. Pakdil, M.; Cam, G.; Kocak, M.; Erim, S. Microstructural and Mechanical Characterization of Laser Beam Welded AA6056
Al-Alloy. Mater. Sci. Eng. A 2011, 528, 7350–7356. [CrossRef]

8. Pastor, M.H.; Zhao, R.P.; Martukanitz, R.P.; Debroy, T. Porosity, Underfill and Magnesium Loss during Continuous Wave Nd:YAG
Laser Welding of Thin Plates of Aluminum Alloys 5182 and 5754. Weld. J. 1999, 78, 207s–216s.

9. Silva, C.L.M.D.; Scotti, A. The Influence of Double Pulse on Porosity Formation in Aluminum GMAW. J. Mater. Process. Technol.
2006, 171, 366–372. [CrossRef]

https://doi.org/10.1016/j.enconman.2019.06.038
https://doi.org/10.1016/j.prostr.2019.07.060
https://doi.org/10.1007/s11663-006-9013-2
https://doi.org/10.1016/j.msea.2011.06.010
https://doi.org/10.1016/j.jmatprotec.2005.07.008


Designs 2023, 7, 75 18 of 19

10. Chen, C.; Gao, M.; Mu, H.; Zeng, X. Effect of kerf characteristics on weld porosity of laser cutting-welding of AA2219 aluminum
alloy. Appl. Surf. Sci. 2019, 494, 1036–1043. [CrossRef]

11. Chen, G.; Wang, B.; Mao, S.; Zhong, P.; He, J. Research on the “∞”-shaped laser scanning welding process for aluminum alloy.
Opt. Laser Technol. 2019, 115, 32–41. [CrossRef]

12. Cai, C.; He, S.; Chen, H.; Zhang, W. The influences of Ar-He shielding gas mixture on welding characteristics of fiber laser-MIG
hybrid welding of aluminum alloy. Opt. Laser Technol. 2019, 113, 37–45. [CrossRef]

13. Habibi, I.; Triyono, T.; Muhayat, N. A Review on Aluminum Arc Welding and It’s Problems. In Proceedings of the 6th International
Conference and Exhibition on Sustainable Energy and Advanced Materials, Surakarta, Indonesia, 16–17 October 2019.

14. Thomas, W.M.; Nicholas, E.D.; Needham, J.C.; Murch, M.G.; Temple-Smith, P.; Dawes, C.J. Friction Stir Butt Welding. International
Patent Application No. PCT/GB92/02203, 24 October 1995.

15. He, X.; Gu, F.; Ball, A. A review of numerical analysis of friction stir welding. Prog. Mater. Sci. 2014, 65, 1–66. [CrossRef]
16. Padhy, G.K.; Wu, C.S.; Gao, S. Friction stir based welding and processing technologies-processes, parameters, microstructures

and applications: A review. J. Mater. Sci. Technol. 2018, 34, 1–38. [CrossRef]
17. Yang, C.; Zhang, J.F.; Ma, G.N.; Wu, L.H.; Zhang, X.M.; He, G.Z.; Xue, P.; Ni, D.R.; Xiao, B.L.; Wang, K.S.; et al. Microstructure

and mechanical properties of double-side friction stir welded 6082Al ultra-thick plates. J. Mater. Sci. Technol. 2020, 41, 105–116.
[CrossRef]

18. Wernery, J.; Brunner, S.; Weber, B.; Knuth, C.; Koebel, M.M. Superinsulation Materials for Energy-Efficient Train Envelopes. Appl.
Surf. Sci. 2021, 11, 2939. [CrossRef]

19. The Simultaneous Use of Two or More Friction Stir Welding Tools. Available online: https://www.twi-global.com/technical-
knowledge/published-papers/the-simultaneous-use-of-two-or-more-friction-stir-welding-tools-january-2005 (accessed on
24 May 2023).

20. Smolin, A.Y.; Shilko, E.V.; Astafurov, S.V.; Kolubaev, E.A.; Psakhie, S.G. Understanding the mechanisms of friction stir welding
based on computer simulation using particles. Def. Technol. 2018, 14, 643–656. [CrossRef]

21. Boz, M.; Kurt, A. The influence of stirrer geometry on bonding and mechanical properties in friction stir welding process. Mater.
Des. 2004, 25, 343–347. [CrossRef]

22. Prabha, K.A.; Putha, P.K.; Prasad, B.S. Effect of tool rotational speed on mechanical properties of aluminium alloy 5083 weldments
in friction stir welding. Mater. Today Proc. 2018, 5, 18535–18543. [CrossRef]

23. Palani, K.; Elanchezhian, C.; Ramnathb, B.V.; Bhaskarc, G.B.; Naveen, E. Effect of pin profile and rotational speed on microstructure
and tensile strength of dissimilar AA8011 and AA6061-T6 friction stir welded aluminum alloys. Mater. Today Proc. 2018, 5,
24515–24524. [CrossRef]

24. Mastanaiah, P.; Sharma, A.; Madhusudhan, G. Role of hybrid tool pin profile on enhancing welding speed and mechanical
properties of AA2219-T6 friction stir welds. J. Mater. Process. Technol. 2018, 18, 30101–30108. [CrossRef]

25. Hejazi, I.; Mirsalehi, S.E. Effect of pin penetration depth on double-sided friction stir welded joints of AA6061-T913 alloy. Trans.
Nonferrous Met. Soc. China 2016, 26, 676–683. [CrossRef]

26. Hendrato; Jamasri; Triyono; Puspitasari, P. Mechanical properties and microstructure evolution of double-side friction stir
welding AA6061-T6. Key Eng. 2022, 935, 73–81. [CrossRef]

27. Tamadon, A.; Pons, D.J.; Sued, K.; Clucas, D. Development of Metallographic Etchants for the Microstructure Evolution of
A6082-T6 BFSW Welds. Metals 2017, 7, 423–439. [CrossRef]

28. Weng, F.; Liu, Y.; Chew, Y.; Lee, B.Y.; Ng, F.L.; Bi, B. Double-side friction stir welding of thick magnesium alloy: Microstructure
and mechanical properties. Sci. Technol. Weld. Join. 2020, 25, 359–368. [CrossRef]

29. Zhou, M.; Morisada, Y.; Fujii, H. Effect of Ca addition on the microstructure and the mechanical properties of asymmetric
double-side friction stir welded AZ61 magnesium alloy. J. Magnes. Alloy. 2020, 8, 91–102. [CrossRef]

30. Kumar, R.; Varghese, S.; Sivapragash, M. A comparative study of the mechanical properties of single- and double-side friction stir
welded aluminium joints. Procedia Eng. 2012, 38, 3951–3961. [CrossRef]

31. Xu, W.; Wang, H.; Luo, Y.; Li, W.; Fu, M.W. Mechanical behavior of 7085-T7452 Aluminum alloy thick plate joint produced by
double-side friction stir welding: Effect of welding parameters and strain rates. J. Manuf. Process. 2018, 35, 261–270. [CrossRef]

32. Garg, A.; Raturi, M.; Garg, A.; Bhattacharya, A. Microstructure evolution and mechanical properties of double-side friction stir
welding between AA6061-T6 and AA7075-T651. CIRP J. Manuf. Sci. Technol. 2020, 31, 431–438. [CrossRef]

33. Thakur, A.; Sharma, V.; Bhadauria, S.S. Effect of tool tilt angle on weld joint strength and microstructural characterization of
double-side friction stir welding of AZ31B magnesium alloy. CIRP J. Manuf. Sci. Technol. 2021, 35, 132–145. [CrossRef]

34. Mirzaei, M.H.; Asadi, P.; Fazli, A. Effect of Tool Pin Profile on Material Flow in Double Shoulder Friction Stir Welding of AZ91
Magnesium Alloy. Int. J. Mech. Sci. 2020, 183, 105775. [CrossRef]

35. Ke, W.C.; Oliveira, J.P.; Ao, S.S.; Teshome, F.B.; Chen, L.; Peng, B.; Zeng, Z. Thermal process and material flow during dissimilar
double-side friction stir spot welding of AZ31/ZK60 magnesium alloys. J. Mater. Res. Technol. 2022, 17, 1942–1954. [CrossRef]

36. Nosratia, H.G.; Yazdanib, N.M.; Khoran, M. Double-side friction stir welding of AA 2024-T6 joints: Mathematical modeling and
optimization. CIRP J. Manuf. Sci. Technol. 2022, 36, 1–11. [CrossRef]

37. Longhurst, W.R.; Strauss, A.M.; Cook, G.E.; Cox, C.D.; Hendricks, C.E.; Gibson, B.T.; Dawant, Y.S. Investigation of Force
Controlled Friction Stir Welding for Manufacturing and Automation. Proc. Inst. Mech. Eng. B J. Eng. Manuf. 2010, 224, 937–949.
[CrossRef]

https://doi.org/10.1016/j.apsusc.2019.07.259
https://doi.org/10.1016/j.optlastec.2019.01.046
https://doi.org/10.1016/j.optlastec.2018.12.011
https://doi.org/10.1016/j.pmatsci.2014.03.003
https://doi.org/10.1016/j.jmst.2017.11.029
https://doi.org/10.1016/j.jmst.2019.10.005
https://doi.org/10.3390/app11072939
https://www.twi-global.com/technical-knowledge/published-papers/the-simultaneous-use-of-two-or-more-friction-stir-welding-tools-january-2005
https://www.twi-global.com/technical-knowledge/published-papers/the-simultaneous-use-of-two-or-more-friction-stir-welding-tools-january-2005
https://doi.org/10.1016/j.dt.2018.09.003
https://doi.org/10.1016/j.matdes.2003.11.005
https://doi.org/10.1016/j.matpr.2018.06.196
https://doi.org/10.1016/j.matpr.2018.10.248
https://doi.org/10.1016/j.jmatprotec.2018.03.002
https://doi.org/10.1016/S1003-6326(16)64158-4
https://doi.org/10.4028/p-08610s
https://doi.org/10.3390/met7100423
https://doi.org/10.1080/13621718.2019.1706810
https://doi.org/10.1016/j.jma.2020.02.001
https://doi.org/10.1016/j.proeng.2012.06.452
https://doi.org/10.1016/j.jmapro.2018.07.028
https://doi.org/10.1016/j.cirpj.2020.07.005
https://doi.org/10.1016/j.cirpj.2021.05.009
https://doi.org/10.1016/j.ijmecsci.2020.105775
https://doi.org/10.1016/j.jmrt.2022.01.097
https://doi.org/10.1016/j.cirpj.2021.10.010
https://doi.org/10.1243/09544054JEM1709


Designs 2023, 7, 75 19 of 19

38. Kumar, S.; Katiyar, J.K.; Kesharwani, G.S.; Roy, B.S. Microstructure, Mechanical, and Force-torque Generation Properties of
Friction Stir Welded Third Generation Al/Li Alloy at Higher Traverse Speed. Mater. Today Commun. 2023, 35, 106084–106093.
[CrossRef]

39. Guan, W.; Zhao, Y.; Liu, Y.; Kang, S.; Wang, D.; Cui, L. Force data-driven machine learning for defects in friction stir welding. Scr.
Mater. 2022, 217, 114765. [CrossRef]

40. Eslamia, S.; Mourao, L.; Viriato, N.; Tavares, P.J.; Moreira, P.M.G.P. Multi-axis force measurements of polymer friction stir welding.
J. Mater. Process. Technol. 2018, 256, 51–56. [CrossRef]

41. Guan, W.; Li, D.; Cui, L.; Wang, D.; Wu, S.; Kang, S.; Wang, J.; Mao, L.; Zheng, X. Detection of tunnel defects in friction stir welded
aluminum alloy joints based on the in-situ force signal. J. Manuf. Process. 2021, 71, 1–11. [CrossRef]

42. Franke, D.; Rudraraju, S.; Zinn, M.; Pfefferkorn, F.E. Understanding process force transients with application towards defect
detection during friction stir welding of aluminum alloys. J. Manuf. Process. 2020, 54, 251–261. [CrossRef]

43. Morkhade, S.G.; Gupta, L.M. Effect of load height on buckling resistance of steel beams. Procedia Eng. 2013, 51, 151–158. [CrossRef]
44. Priyasudana, D.; Crisdion, S.A.; Puspitasari, P.; Triyono; Jamasri; Andoko; Pramono, D.D. Double side friction stir welding effect

on mechanical properties and corrosion rate of aluminum alloy AA6061. Heliyon 2023, 9, e13366. [CrossRef] [PubMed]
45. Muhayat, N.; Harjono, M.S.; Depari, Y.P.D.S.; Prabowo, A.R.; Triyono; Putri, E.D.W.S.; Tuswan, T. Friction stir welded AA5052-H32

under dissimilar pin profile and preheat temperature: Microstructural observations and mechanical properties. Metals 2022, 12, 4.
[CrossRef]

46. Ardika, R.D.; Triyono, T.; Muhayat, N.; Triyono. A review porosity in aluminum welding. Procedia Struct. 2021, 33, 171–180.
[CrossRef]

47. Abnar, B.; Kazeminezhad, M.; Kokab, A.H. Effects of heat input in friction stir welding on microstructure and mechanical
properties of AA3003-H18 plates. Trans. Nonferrous Met. Soc. China 2015, 25, 2147–2155. [CrossRef]

48. Ogunsemi, B.T.; Abioye, T.E.; Ogedengbe, T.I.; Zuhailawati, H. A review of various improvement strategies for joint quality of
AA 6061-T6 friction stir weldments. J. Mater. Res. Technol. 2021, 11, 1061–1089. [CrossRef]

49. Ilman, M.N.; Kusmono; Iswanto, P.T. Fatigue crack growth rate behaviour of friction-stir aluminium alloy AA2024-t3 welds
under transient thermal tensioning. Mater. Des. 2013, 50, 235–243. [CrossRef]

50. Mishra, R.S.; Ma, Z.Y. Friction stir welding and processing. Mater. Sci. Eng. C 2005, 50, 1–78. [CrossRef]
51. Konovalenko, I.; Maruschak, P.; Brezinová, J.; Brezina, J. Morphological Characteristics of Dimples of Ductile Fracture of VT23M

Titanium Alloy and Identification of Dimples on Fractograms of Different Scale. Materials 2019, 12, 2051. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.mtcomm.2023.106084
https://doi.org/10.1016/j.scriptamat.2022.114765
https://doi.org/10.1016/j.jmatprotec.2018.01.044
https://doi.org/10.1016/j.jmapro.2021.09.014
https://doi.org/10.1016/j.jmapro.2020.03.003
https://doi.org/10.1016/j.proeng.2013.01.022
https://doi.org/10.1016/j.heliyon.2023.e13366
https://www.ncbi.nlm.nih.gov/pubmed/36865470
https://doi.org/10.3390/met12010004
https://doi.org/10.1016/j.prostr.2021.10.021
https://doi.org/10.1016/S1003-6326(15)63826-2
https://doi.org/10.1016/j.jmrt.2021.01.070
https://doi.org/10.1016/j.matdes.2013.02.081
https://doi.org/10.1016/j.mser.2005.07.001
https://doi.org/10.3390/ma12132051
https://www.ncbi.nlm.nih.gov/pubmed/31247954

	Introduction 
	Materials and Methods 
	Apparatus Design and Assembling 
	Welding Trials and Parameter Process Evaluation 

	Apparatus Design on One-Step Double-Side FSW 
	Characteristics of One-Step Double-Side FSW Joint 
	Conclusions 
	References

