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In recent years, demand for aluminum and aluminum alloys has been increasing because of their favorable
properties. The properties of aluminum alloys are similar to those of structural steel, but their weight is
approximately one third of that of steel. Technological development makes it possible to weld metals that are
difficult to join with traditional fusion welding, such as aluminum alloys. The process is known as Friction Stir
Welding (FSW). This article briefly introduces the FSW procedure and its application. In this research, 5053
aluminum alloys were welded with this technology, using customized FSW tools. These tools were manufactured
using 3D printing technology, which enabled the manufacture of complex geometries. After welding, the pieces

were subjected to the following material tests: visual inspection,

metallographic analysis.
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1. Introduction

Nowadays friction stir welding (FSW) plays a key role in
metal manufacturing. It can be applied in a wide range of
fields such as the aerospace industry, as well as the
shipbuilding and automotive sectors. In these fields
weight optimalization is a key consideration; therefore
high-strength aluminum alloys have replaced structural
steels. Owing to the weight reduction achieved by
aluminum the technology has become widespread.

The technology was developed for welding high-
strength aluminum alloys, but it has also been
successfully applied to other alloys and materials such as
high-strength steels, stainless steels, and titanium. The
basis of the method is the creation of a solid-state bond
between materials without reaching their melting point.
A wear-resistant rotating tool is used for the welding
process. The shoulder of the tool generates frictional
heat, which reduces the strength of the workpieces
without reaching their melting point. In this state, the
rotating-tool moves within the material along welding
line. Finally, during cooling, a solid-state bond is created
between workpieces (Figure 1) [1]-[3].

Quality of the FSW weld seam depends on several
parameters such as the pin and shoulder geometry of the
FSW tool, as well as the materials [3],Hiba! A
hivatkozasi forras nem talalhaté.,[8]. In general, FSW
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tools are made from tool steels that are used for welding
aluminum alloys. However, welding different materials
requires different tool materials. When selecting tool
materials, high hardness, low reactivity with oxygen and
resistance at high temperatures are required. These
materials include tool steels, high speed steels (HSS), Ni
alloys, metal carbides and ceramics. For each workpiece
to be welded, the tool material must be selected
individually to ensure appropriate weld quality. Table 1
contains recommended tool materials for different alloys
types and material thicknesses [3],[6].

The geometry of the FSW tool plays a key role in
producing a high quality of welding seam (Figure 2).
According to several studies, the FSW tool pin and
shoulder affect material mixing, heat production and tool
wear, too. During the process, substantial heat is
generated between the tool shoulder and the workpiece.
The FSW tool can be manufactured as a one-piece or
two-piece design. In the latter case, the tool consists of a
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Figure 1: The bases of the FSW technology
a) Start; b) Welding; c) Finish (o = angular velocity)
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Table 1: The input parameters and their levels

Material
Alloys to be thickness FSW tool material
welded
(mm)
Tool steel, Co-WC
. i composite

Aluminum alloys 3-50 (Cobalt-Tungsten

carbide composite)
Magnesium alloys 3-10 Tool stqe Is, WC

composite

Tool steels, Ni-based

alloys, W-based alloys,
Copper alloys 3-50 PCBN (Polycrystalline

Cubic Boron Nitride)
Titanium alloys 3-10 W-based alloys
Stainless steel 3-10 W-based alloys, PCBN
Low alloy steels 3-10 WC composite, PCBN
Nickel alloys 3-10 PCBN

shoulder and a pin with the pin being replaceable, which
results in a more economical design [3],Hiba! A
hivatkozasi forras nem talalhaté.. As the illustration in
source [8] contained a conceptual error in the basic tool
design, it has been corrected (Figure 2).

The parameters of FSW pin and shoulder depend on
each other. For aluminum alloys, the diameter of the tool
shoulder is 2.5-3 times larger than the diameter of the tool
pin. The diameter of the tool shoulder affects heat
generation and the width of weld seat [3],Hiba! A
hivatkozasi forras nem talalhato..

Different shoulder sizes result different weld seam
quality. According to research, the best results were
achieved using tool shoulder diameters of 12 and 15 mm
at a rotational speed of n=1000 rpm and a feed rate of
=600 mm/min. During the experiments, six tool
shoulders with different diameters were tested and both
larger or smaller diameter led to defective weld seams
[27]. The FSW tool shoulder can be designed with flat,
concave or convex profiles (Figure 3a). The flat shoulder
is widely used due to its ease of manufacturing and
effective heat generation. In many cases, concave and
convex tool shoulders are unnecessary and time-
consuming to produce. In addition, the front surface of
the shoulder can be manufactured with features such as
concentric circles, scrolls, grooves or a featureless
surface (Figure 3b). These features promote more
homogeneous material mixing.

The concave tool shoulder can provide better
material mixing than a flat design because, during
welding, the material can flow into the concave region;
however, this configuration is effective only when the
tool is tilted by 2-4° [10],[11].

FSW tool pin profiles play a major role in material
mixing and in producing sound welds Hiba! A
hivatkozasi forras nem talalhaté.,[13]. There are
several different pin types and designs. According to
studies, threaded pin designs produce high quality welds,
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Figure 2: Main parameters of the FSW tool
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Figure 3: Types of FSW tool shoulders

whereas the non-threaded designs tend to result in
defects. Welding with a smooth-surfaced conical pin
produces welds of comparable quality to those made with
a cylindrical threaded pin, while offering a longer tool
life and lower production costs. It is worth noting that a
conical pin profile generates less heat than a straight
cylindrical pin profile under the identical parameters
Hiba! A hivatkozasi forras nem talalhato..

According to one study, when polygonal pin
profiles are compared with cylindrical designs, weld
quality is consistently better with polygonal profiles.
However, a disadvantage is that their manufacturing
process is more complex and time-consuming [14]. A
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Table 2: The recommended parameter depends on
material quality, thickness, and axial force magnitude

Material Axial force
Alloys to be welded thickness (kN)
(mm)
AISI 409 M 4 24
AA2195-T6 6.35 13.8
AA6061-T6 6.35 12.5
AA7075-T6 5 8
AA6082-T6/AAT075-T6 8 12
Cu/CuZn30 3 5.5
AA2124-SiC 15 8.5
ABS 6 2
less commonly used pin geometry, the stepped

cylindrical pin design, can also yield favorable results
[5]. Among the required conditions is that the pin length
should be shorter than the thickness of the material being
welded. Effective material flow can also be ensured when
the pin surface is equipped with grooves arranged in a
spiral pattern with varying depths [15].

When welding thicker plates (>8 mm), it is
advisable to use the so-called 'bobbin' tool, which has
successfully been applied in practice to weld plates with
thickness of up to 25 mm [17].

According to a study, weld quality can be optimized
by increasing feed rate. An initial test was performed at a
rotation speed of n=1000 rpm with a feed rate of
=100 mm/min, under which the welding seam was not
appropriate. By increasing the feed rate to 437 mm/min,
the seam became suitable for bending applications, and
only aesthetic defects appeared on the surface Hiba! A
hivatkozasi forras mnem talalhato.. Another study
investigated the relationship between rotation speed and
the heat generation using simulation. As the rotational
speed increased, the temperature developed in the weld
seam also increased. The temperature development
simulated at a speed of
350 min-1. In this study, 1Crl11Ni2W2MoV material,
which is a heat-resistant stainless steel, was welded [16].

The magnitude of the forces generated during
friction stir welding (FSW) strongly depends on the
material type and the thickness of the workpiece. The
most important forces acting during the process are the
axial force (Fz), longitudinal force (Fy), lateral force
(Fx), and torque (Mz) [19]. The magnitude of these
forces is a determining factor in the resulting weld quality
Hiba! A hivatkozasi forras nem taldlhaté..

Axial force (Fz): Responsible for the friction
between the tool shoulder and the workpiece, thus
playing a significant role in the heat generation during the
process. It also provides the necessary pressure, which
contributes to the formation of a sound weld.

Longitudinal force (Fy): Helps overcome the
resistance of the material being welded in the direction of
the tool movement.

Lateral force (Fx): Force caused by pressure
differences generated during the process. The rotational

direction of the tool creates asymmetry in the material.
The material in front of the tool is warmer and therefore
softer, making it less resistant to the tool's forward
motion. In contrast, behind the tool the temperature is
lower, the material is less softened, and greater pressure
is generated compared to the front side, causing tension
between the two regions. This stress significantly
influences tool wear and the quality of the weld. Proper
parameter settings can result in longer operational time
and extended tool life.

Torque (Mz): Also contributes to frictional heat
generation during the process between the tool and the
workpiece [19].

Numerous studies address the required axial force
for a given material quality and thickness. Table 2
summarizes the recommended parameters from one
study, depending on material quality, thickness, and axial
force magnitude.

The tool tilt angle is defined as the angle between
the longitudinal axis of the tool and the imaginary
perpendicular to the plane of the workpiece. The
recommended tilt angle range is between 1-3° [15]. The
determination of this angle is a critical parameter, as weld
quality strongly depends on its setting. Improper
adjustment of tilt angle can result in defective welds;
setting the tool tilt angle is 0° is also considered incorrect
In some cases, it may be justified to increase the tool
inclination angle (>3°), which is why optimization
should be performed prior to applying the technology
[10],[20].

Another study examining friction stir welding on
AA6082 aluminum, conducted at different rotational
speeds (n=1000 rpm; n=1250 rpm), feed rates
(=200 mm/min; =250 mm/min), and tool tilt angles
(0°; 2°), supported the findings that welds produced at a
tilt angle of 2°, a feed rate of =200 mm/min, and a
rotational speed of n=1250 rpm resulted in the smallest
grain size in the weld bead, while also increasing weld
hardness [22].

Friction stir welding enables the production of
welds with excellent mechanical properties while being a
process free of smoke, dust, and other contaminants.
However, it is important to note that the technology also
has certain drawbacks. These include weld defects such
as tunnel defects and the so-called "lazy S" defect. This
chapter focuses on the examination of welds, which
enables assessment of their quality.

Through material testing, the properties of the
resulting weld can be identified and evaluated. The welds
are examined using the following destructive and non-
destructive  testing methods: visual inspection,
metallographic (microstructural) analysis, tensile testing,
and hardness testing. The term "lazy S" refers to a
structural defect that occurs during welding. It is named
after its characteristic shape, which resembles a distorted
"S" and is typically observed in the central region of the
welded joint. Its formation is presumably caused by
aluminum oxide particles that enter the weld from the
surface of the base material during the welding process
[23]. This defect generally forms at the bottom of the
weld and can have several causes, such as insufficient
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Advancing side Retreating side

Material flow-zone

Figure 4: Material mixing around the tool
(vweld = welding speed, ® = angular velocity)

heat input or inadequate material flow around the tool.
Inclusions also negatively affect the mechanical
properties of the weld [5].

During tool movement, the softened material flows
around the tool, creating a so-called "advancing" and
"retreating" sides due to temperature differences [3],[5].
Since material mixing is often uneven, it must be
investigated through simulation and empirical methods,
as improper mixing can degrade weld quality. The flow
of the material around the rotating tool is illustrated in
Figure 4. The assessment of material mixing can be
performed through destructive testing, which requires
preparation of the weld cross-section for metallographic
analysis. The resulting cross-section demonstrates the
adequacy of material mixing achieved during welding.
During process setup, efforts should be made to ensure
that the material mixing is as homogeneous as possible.

Figure 5 shows the structure of a welded joint
produced by the friction stir welding process. The weld
exhibits a fine-grained microstructure in the region
traversed by the tool. Adjacent to the weld, the thermo-
mechanically affected zone (TMAZ) can be observed. In
this region, material flow is reduced, but the
microstructure is significantly influenced not only by the
temperature but also by the applied pressure. Further
away, the heat-affected zone (HAZ) develops, where
pressure forces no longer acts, while temperature remains
an influencing factor. Figure 5 also illustrates the intense
flow zone (FZ) and demonstrates that the thermal load is
not uniform on both sides of the joint, as rotational
motion of the tool does not produce a uniform thermal
load [3],[5],Hiba! A hivatkozasi forras nem talalhaté..

2. Experimental

The aim of the research is to develop an optimal tool for
the material to be welded and to identify potential
variables that have not yet been investigated. The study
also integrates one of the most rapidly developing

manufacturing technologies of our time — 3D metal
printing.
FSW tools are typically manufactured by

machining (subtractive manufacturing). However, when
complex pin and shoulder geometries are required,
additive manufacturing becomes the preferred option.
This is because additive technologies enable the
production of intricate components that would be too

Retreating side

Figure 5: Cross-sectional image of the welded joint
created by friction stir welding

complex to manufacture using conventional machining,
offering advantages not only from a technical but also
from an economic perspective.

2.1. Materials

For the experiments, a stainless steel FSW tool was used.
The tools were manufactured using additive technology.

The workpieces to be welded were made of
5053 aluminum alloy, with bounding dimensions of
50 x 90 x 4 mm. The sheet dimensions were defined in
accordance with the requirements of the welding
apparatus. Prior to the measurements, the welding
surfaces of the specimens were prepared to ensure
uniformity.

The 5000 series alloys contain 0.5-5.5%
magnesium, which allows their use in a wide range of
applications [31]. The 5053-aluminum alloy mainly
consists of aluminum and chromium, along with smaller
amounts of other elements. Owing to this composition, it
exhibits excellent corrosion resistance, high strength,
good weldability, and favorable formability. This alloy is
widely used in the marine, aerospace, and automotive
industries [32].

2.2. Experimental setup

During the experiment, a total of 15 measurements were
carried out at a constant rotational speed of 1000 rpm,
using three different feed rates. Throughout the trials, the
tool tilt angle was maintained at 0°, and no cooling was
applied. Prior to the welding process, an experimental
plan was developed based on the reviewed literature. The
conclusions drawn from this plan were used to define the
welding technological parameters, which are presented in
Table 3.

During the welding process, the sheets were aligned
in the same plane, and the joint was formed along their
contact surfaces. Owing to the spiral geometry of the
tool, the spindle was rotated in a counterclockwise
direction to ensure that the maté6rial flow conformed to
the intended tool design (Figure 6).

2.3. Designing of FSW tools

During the literature review, several different tool
designs were identified, which served as the basis for the
design of the tool pin and shoulder. With 3D metal
printing, it is possible to manufacture elements with
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Table 3: Welding technological parameters

Rotational

Number of Tool ced Feed
Measurements  Name P (mm/min)
(rpm)

1 80
2 1 1000 125
3 170
4 80
5 2 1000 125
6 170
7 80
8 3 1000 125
9 170
10 80
11 4 1000 125
12 170
13 80
14 5 1000 125
15 170

complex geometries more quickly and cost-effectively
than with traditional machining [28],[29]. The design
process was initiated based on the information gathered
from the literature.

Firstly, the workpieces to be welded were
considered, which in this case consisted of two aluminum
plates with a thickness of 4 mm. The plate thickness
affects the pin length, as it cannot be equal to or greater
than the thickness of the material being welded. It is
advisable to design the pin length to be slightly shorter to
prevent it from penetrating through the material;
therefore the pin length was designed to be 3.7 mm.

The next step was the determination of the shoulder
diameter. The diameter of the tool shoulder significantly
influences the weld bead formation. For aluminum
alloys, the tool shoulder diameter is typically 2.5 to
3 times the diameter of the pin. The shoulder diameter
affects both the weld bead width and the amount of
frictional heat generated. In this study, all tools were
designed with an identical shoulder diameter of 20 mm,
however, future research should investigate the effects of
varying shoulder diameters under identical process
parameters.

The diameter, geometry, and the shoulder front
surface and profile were designed differently for each
tool (Figure 7). In the case of Tool 1, the shoulder has a
flat desing, and its face is equipped with spiral grooves.
The flat shoulder is the most common among FSW tools
because, in addition to its simple design, it provides the
necessary heat input. Moreover, the spiral channels on
the shoulder face promote homogeneous material
mixing. The tapered pin design also produced good welds
in certain cases and contributes favorably to material
mixing. The tapered surface was also equipped with
spiral channels as well, further enhancing the mixing of
materials during the welding process.

In the case of Tool 2, the shoulder design is identical
to that of Tool 1, featuring a flat profile, and a face

FSW Tool

Force sensor Welding device Workpieces

Figure 6: Experimental setup

3

Figure 7: Designed FSW tools from 1 to 5 with
dimensions

equipped with spiral grooves. However, the pin design
differs. In this case, the pin does not have a tapered
geometry but instead has a circular cross-section with
three vertical grooves. The material flow is also
influenced by the depth of the spiral channels; therefore,
this aspect warrants more comprehensive investigation
under specific process conditions. In addition, the spin
surface was equipped with threads to further enhance
material flow.

In the case of Tool 3, the shoulder design is identical
to that of the first and second tools. The difference
compared to the previous tool lies in the pin design.
Unlike Tool 2, this tool does not feature the three vertical
grooves. The material flow is ensured solely by the spiral
channels on the pin and shoulder surfaces.

For Tool 4, a concave shoulder design was applied
for the first time. The use of a concave shoulder may
result in more favorable material flow compared to a flat
shoulder design. This is because, when the tool is
lowered, the material displaced by the pin enters the
cavity in the tool shoulder, and as the tool moves, this
material continues to flow in the direction induced by the
pin. It is important to note that with a concave shoulder
design, the tool must be tilted between 2° and 4° in the
direction of motion relative to the workpiece surface
during welding, in order to achieve good weld quality.
For the pin design, a hexagonal profile was used, as
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Figure 8: The top view images of the welds made with
Tool 1 are as follows: a) 80 mm/min; b) 125 mm/min;
¢) 150 mm/min

angular profiles have a favorable effect on material flow
and the mechanical properties of the weld.

For Tool 5, the shoulder profile is identical to that
of Tool 4. The appropriate shoulder angle should be
further investigated through empirical studies, taking the
tool tilt angle into account. In this case, the pin design is
tapered with a stepped configuration. Both the stepped
design and the taper contribute to enhanced material
mixing during the welding process.

The tools were manufactured from stainless steel
using 3D metal printing on an Xact Metal 200G machine.

3. Results and experiments

This chapter presents the procedures and findings related
to the testing of the welded samples. The evaluation
included visual inspection, tensile testing, hardness
measurements, and metallographic analysis.

The chapter does not include the material testing
results of Tools 2, 4 and 5, as the poor weld quality was
already evident during visual inspection.

3.1. Welding quality by visual inspection

The welds produced with Tool 1 and Tool 3 merit
particular attention. The inspection process commenced
with a visual examination. For the welds produced with
Tool 1 at a feed rate of 80 mm/min, continuous surface
scratching was observed, indicating inadequate material
mixing. At a feed rate of 125 mm/min, the resulting joint
exhibited a substantially improved bond; however,
further increases in feed rate led to the appearance of
tunnel defects within the weld (Figure 8).

In the case of Tool 3, a mixing weld was produced
in all three trials, although surface roughness varied. Ata
feed rate of 80 mm/min, the weld exhibited a rougher
surface; however, increasing the feed rate resulted in a
gradual reduction in surface roughness. Nevertheless,
defects observed in the initial section of the weld indicate
the presence of tunnel-type discontinuities within the
joint (Figure 9).

The visual inspection revealed notable differences
in weld quality between Tool 1 and Tool 3. Welds
produced with Tool 1 at a feed rate of 80 mm/min
exhibited continuous surface scratching, suggesting
insufficient material mixing and poor joint integrity. At
an intermediate feed rate of 125 mm/min, weld quality
improved significantly, resulting in a more coherent
bond; however, at higher feed rates, tunnel-type defects

Figure 9: The top-view images of the welds made with
Tool 3 are as follows: a) 80 mm/min; b) 125 mm/min;
¢) 150 mm/min

became apparent, indicating limitations in process
stability (Figure §8).

In contrast, all welds produced with Tool 3
exhibited mixing throughout the joint. However,
surface roughness varied as a function of feed rate.
At 80 mm/min, the weld surface was relatively rough,
while increasing the feed rate progressively reduced
roughness, suggesting more favourable material flow.
Despite this improvement, tunnel defects were detected
in the initial sections of the welds, indicating that defect
formation was not entirely mitigated (Figure 9).

Overall, Tool 1 demonstrated sensitivity to feed
rate, with optimal results observed at moderate values,
while Tool 3 provided consistent mixing across all trials,
albeit with surface roughness and tunnel defects
influencing joint quality.

3.2. Welding quality by tensile test

For the tensile tests, three transverse specimens with a
width of 10 mm were extracted from each welded joint.
The nominal gauge width of the specimens was 8 mm,
with a total length of 98 mm. In total, 36 specimens were
prepared, corresponding to three specimens for each feed
rate condition. The tensile tests were performed using an
Instron 4482 universal testing machine, which provided
both tabular and graphical outputs of the results.

Among the tested samples, the highest load-
bearing capacity was recorded for specimens 1/125
(maximum load 7331.993 N) and 3/125 (maximum load
7109.317 N). This outcome indicates that a feed rate of
125 mm/min represents a more favorable condition for
material consolidation during welding, as it provides a
balance between sufficient plastic deformation and
adequate heat generation. At lower feed rates
(80 mm/min), excessive heat input and prolonged
exposure led to surface irregularities and insufficient
mixing,  thereby  reducing  tensile  strength.
Conversely, at higher feed rates, reduced heat input
resulted in the formation of tunnel defects, which
significantly compromised joint integrity. The tensile
diagrams summarizing these results are presented in
Figures 10 and 11.

3.3. Welding quality by metallographic
examination

The samples prepared by cold embedding were subjected
to a three-step polishing procedure using 320, 600, and
1200 grit sandpapers. After surface preparation, the
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Tool 1; Feed 125 mm/min
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Figure 10: The tensile stress-strain diagram for the
sample welded with Tool 1 at a feed rate of 125
mm/min

Figure 12: Cross-sectional image of the sample welded
by Tool 1 at a feed rate of 125 mm/min
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Figure 14: Hardness measurement of the sample
welded by Tool 1 at a feed rate of 125 mm/min

specimens were examined under an optical microscope
to identify potential defects.

The metallographic analysis revealed the presence
of defects in all welds, a phenomenon commonly
observed in friction stir welding of aluminum alloys. The
size and morphology of these defects were strongly
influenced by the feed rate and tool configuration. At the
lowest feed rate (80 mm/min), prolonged interaction time
caused excessive heat input, promoting turbulent
material flow and resulting in larger surface irregularities
and voids. At excessively high feed rates, reduced heat
generation was insufficient for complete plasticization,
giving rise to tunnel-type defects due to inadequate
consolidation.

By contrast, the intermediate feed rate of
125 mm/min, particularly with Tool 1 and Tool 3,
produced welds with the smallest defect sizes. This
condition appears to provide an optimal balance between
thermal input and material flow, leading to more
homogeneous plastic deformation and a lower
probability of defect formation. These microstructural

Tool 3; Feed 125 mm/min

Load F (N)

Elongation Al (mm)

Figure 11: The tensile stress-strain diagram for the
sample welded with Tool 3 at a feed rate of 125
mm/min

Figure 13: Cross-sectional image of the sample welded
by Tool 3 at a feed rate of 125 mm/min
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Figure 15: Hardness measurement of the sample
welded by Tool 3 at a feed rate of 125 mm/min

observations are in good agreement with the tensile test
results, where the 1/125 and 3/125 specimens exhibited
the highest load-bearing capacity. The correlation
highlights the direct relationship between defect
minimization and improved mechanical performance
(Figures 12 and 13).

3.4. Welding quality by hardness testing

Vickers hardness testing was carried out on the
embedded specimens using a Struers Duramin-100
hardness tester. The analysis focused on the 1/125 and
3/125 samples, as these had demonstrated the most
favorable performance in previous evaluations. A load of
1 kgf was applied during testing. Since the welded
components were fabricated from the same base material,
similar hardness values were anticipated across the
measurement points, with a localized increase expected
within the weld zone. Measurements were conducted
along the crown side of the weld, progressing
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horizontally from the rear side (left) toward the front side
(right) (Figures 14 and 15).

The results confirmed the expected hardness
distribution. Both samples exhibited comparable values
in the base material, while a noticeable increase was
observed within the weld zone, reflecting localized
strengthening due to intense plastic deformation and
thermal effects inherent to friction stir welding. The
hardness peaks in the weld zone are consistent with the
superior tensile performance and reduced defect size
previously recorded for the 1/125 and 3/125 specimens.
This agreement across different testing methods
reinforces the conclusion that the intermediate feed rate
of 125 mm/min, combined with appropriate tool
geometry, provides optimal welding conditions for
achieving both mechanical strength and microstructural
integrity.

The experimental results demonstrated that the
most promising weld quality was achieved using Tool 1
and Tool 3 at a feed rate of 125 mm/min. Both tools
consistently produced joints with reduced defect size and
superior mechanical properties, as confirmed by tensile
and hardness testing as well as metallographic analysis.
These findings suggest that further optimization of these
tool designs is warranted. Future studies should focus on
varying additional process parameters, particularly the
tool tilt angle in the range of 1°-3°, as this adjustment is
expected to enhance material consolidation and improve
weld bead formation. The spiral channel design
incorporated into these tools has already shown a positive
influence on material flow, highlighting its potential for
further refinement. Regarding Tool 2, the vertical
grooves present on the probe proved detrimental under
the tested conditions, as they failed to produce acceptable
weld quality at any feed rate. Nevertheless, continued
investigation into modified groove geometries is
recommended, provided that the design enables more
effective material transport during the welding process.
Reconfiguring the grooves to promote controlled
material flow could unlock the potential of this tool
design. Overall, the evaluation highlights the strong
performance of Tool 1 and Tool 3 under intermediate
feed rates, while also identifying key directions for
further tool development. The results underline the
importance of harmonizing tool geometry and process
parameters to achieve defect-free welds with favorable
mechanical performance.

4. Conclusion

Friction stir welding (FSW) has become a key joining
technology in modern metal manufacturing, particularly
in sectors such as aerospace, automotive, and
shipbuilding, where weight reduction is a primary design
objective. The substitution of structural steels with high-
strength aluminum alloys has accelerated the adoption of
this process, as it enables lightweight structures with
comparable mechanical performance.

In the present research, customized tools designed
and manufactured by the author were applied to weld AA

5053 aluminum alloy plates. Welding was performed at
a constant spindle speed of 1000 rpm and three different
feed rates. The experimental program included visual
inspections, tensile testing, hardness measurements, and
metallographic analysis, providing a comprehensive
assessment of joint quality. Finite element analysis
(FEA) was also carried out to examine material flow
around the tool, offering valuable insights for optimizing
tool geometry.

The results confirmed that tool geometry exerts a
decisive influence on weld formation and defect
occurrence. Among the tested configurations, Tool 1 and
Tool 3 operating at 125 mm/min produced the most
favorable results, yielding welds with minimal defects
and superior mechanical properties. These outcomes
highlight the importance of spiral channels in promoting
material flow, as well as the potential benefits of
optimizing the tool tilt angle (1°-3°) and shoulder
geometry. In contrast, Tool 2, which features vertical
grooves on the probe, consistently produced
unsatisfactory welds under the investigated parameters.
However, modified groove geometries may warrant
further exploration to improve material transport during
welding.

The correlation between mechanical testing and
metallographic analysis demonstrated that smaller defect
sizes directly contributed to higher tensile strength and
consistent hardness distribution, particularly in the 1/125
and 3/125 samples. These findings underline the
importance of balancing thermal input and material flow
to achieve homogeneous plastic deformation and defect-
free welds.

Future research should expand on these results by
refining tool geometries, investigating concave shoulder
designs, and conducting further metallographic
observations, including etched specimens to evaluate the
heat-affected zone and material mixing. Complementary
FEA simulations are also recommended to support tool
development and ensure optimized material flow
conditions.

* Tool geometry is a dominant factor in weld quality;
Tool 1 and Tool 3 at 125 mm/min provided the best
results.

Spiral channels improve material flow and reduce

defect formation.

An intermediate feed rate of 125 mm/min balances

heat input and material mixing, minimizing tunnel

defects.

* Tool 2’s vertical groove design is not suitable in its

current form; however redesigned grooves may

improve material transport.

Hardness and tensile tests confirmed the superior

performance of 1/125 and 3/125 samples,

correlating with smaller metallographic defects.

Further optimization of the tool tilt (1°-3°) and

concave shoulder geometry is recommended to

enhance weld bead formation.

* Future  studies  should include  etched
metallographic analysis to reveal the heat-affected
zone and validate material mixing behavior.
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* FEA remains a valuable tool for predicting material
flow and supporting the design of optimized
welding tools.

Overall, this study demonstrates that carefully
engineered tool geometries, combined with optimized
welding parameters, can significantly enhance the quality
and mechanical performance of friction stir welded joints
in aluminum alloys.
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