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Abstract

In recent years, the demand for aluminium and aluminium alloys has increased due to their favourable
properties. The properties of aluminium alloys are almost the same as structural steel, but their weight is
approximately one third. Technological developments have made it possible to weld metals that are difficult
to weld with traditional fusion welding, such as aluminium alloys, using Friction Stir Welding (FSW). This
article briefly introduces the FSW procedure and its application. During this research, 5053 aluminium alloys
were welded with the mentioned technology, for which customized FSW tools were used. These tools were
made with 3D printing technology, which ensured the manufacturing of complex geometries. After welding,
the pieces were subjected to the following material tests: visual inspection, tensile tests, hardness tests and

metallographic analysis.
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1. Introduction

Friction stir welding (FSW) is a solid-state weld-
ing process in which the joint is formed without
melting the base materials [1]. ]. Its basic princi-
ple is that a rotating tool is used that penetrates
the fixed workpieces to be welded. The shoulder
of the tool generates frictional heat, which causes
alocal decrease in the strength of the workpieces,
thereby softening the material. During this stage,
the rotating tool moves along the joint line, stir-
ring the plastically deformed material, and upon
cooling, a solid-state bond is formed between the
workpieces [2, 3, 4].

The main parts of the tool are shown in Fig. 1.
Since the illustration from source [5] showed the
basic design of the FSW tool with a conceptual
error, it has been corrected and republished ac-
cordingly.

Variables during the process include the materi-
als to be welded, their quality, thickness, and the
number of dissimilar materials to be joined. Tech-
nological parameters include the tool inclination
angle, transverse speed, rotational speed, axial
force applied to hold the tool in the material, and
in some cases the presence or absence of cooling.

Key factors in tool design include the tool materi-
al, shoulder diameter, and pin geometry, diame-
ter, and length [6, 7, 8, 9].

Additive manufacturing, one of the most dy-
namically developing manufacturing technolo-
gies, also plays an important role in this research.
While FSW tools are typically produced by ma-
chining (subtractive manufacturing), additive
manufacturing becomes an attractive option
when the tool requires complex pin and shoulder
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Fig. 1. Simplified schematic of the FSW tool. [5]
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geometries that are difficult or impossible to ma-
chine. Additive manufacturing enables the pro-
duction of such complex shapes and also brings
economic benefits.

2. Design of the FSW tool

Additive manufacturing of metal parts allows
for faster and more cost-effective production of
complex geometries compared to traditional ma-
chining, including friction stir welding. Additive
manufacturing has so far mainly appeared in
friction stir welding by welding additively manu-
factured workpieces together [10]. Therefore, this
research can be considered pioneering, as it is the
first study in Hungary on the use of additively
manufactured friction stir welding tools.

The design was primarily based on the work-
pieces to be welded - in this case, two 4 mm thick
aluminium plates. The plate thickness determines
the length of the pin, which cannot be equal to
or greater than the material thickness. The pin
should be slightly shorter to avoid full penetra-
tion. Consequently, the pin length was set to 3,7
mm.

The shoulder diameter significantly influences
the formation of the weld. For aluminium alloys,
the shoulder diameter is typically 2,5 to 3 times
the pin diameter. The shoulder diameter affects
both the weld width and the amount of frictional
heat generated.

In this study, all tools were designed with a
shoulder diameter of D = 20 mm. However, future
work should include testing different shoulder
diameters under the same process parameters.
The overall tool length was h =15 mm in all cases,
which provides a suitable clamping length and
cost-effectiveness in production.

The pin diameter and geometry, as well as the
shoulder face and profile, were varied between
tools to improve material flow during welding
(Fig. 2).

3. Description of Welding Experiments

The base material was aluminum alloy 5053,
with specimen dimensions of 50 x 90 x 4 mm.
The goal of the research was to identify, un-
der fixed welding parameters, the most suit-
able tool geometry based on destructive and
non-destructive testing of the weld quality.

A total of 15 welds were performed at a constant
rotational speed of 1000 min™?, using three differ-
ent traverse speeds. The tool tilt angle was 0°, and
no cooling was applied (Table 1.).

Fig. 2. Designed FSW tools from 1 to 5 with di-
mensions.

Table 1. Technological parameters of the welding

process
Number of Feed v

Measurements LGl LI (mm/min)

1. 80

2. 1. 125

3. 170

4. 80

5. 2. 125

6. 170

7. 80

8. 3. 125

9. 170

10. 80

11. 4 125

12. 170

13. 80

14. 5 125

15. 170

During welding, the plates were positioned in
the same plane, and the joint was formed along
their contacting edges. Due to the spiral tool de-
sign, the spindle rotated counterclockwise (M4
direction) during welding to ensure proper ma-
terial flow consistent with the tool geometry. The
experimental setup is shown in Fig. 3.

4. Material testing

This chapter summarizes the procedure and
results of the evaluation of welded samples. The
welds were examined visually, as well as by ten-
sile testing, hardness testing, and metallographic
analysis.

4.1. Welding quality by visual inspection

The welds made with tools 1 and 3 are particu-
larly noteworthy.
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With tool 1, at a transverse speed of 80 mm/min,
the tool “plowed” the material, resulting in insuf-
ficient material mixing and poor weld formation.
At a speed of 125 mm/min, the quality of the joint
improved significantly, but at higher speeds, tun-
nel-type porosity defects appeared (Fig. 4).

[Fig. 3. Experimental setup.

For tool 3, welds were successfully created in all
three experiments, although the surface rough-
ness varied. A transverse speed of 80 mm/min
produced a rougher surface, while increasing the
speed produced smoother welds. However, de-
fects observed at the beginning of the weld are
indicative of internal tunnel porosity (Fig. 5).

4.2. Welding quality by tensile test

For transverse tensile tests, three specimens
(10mm wide) were cut from each welded sample.
The nominal specimen width was 8 mm and the
total length was 98 mm, resulting in a total of 36
specimens, 33 of which were tested at different
transverse speeds. The tests were performed us-
ing an Instron 4482 tensile testing machine.

The highest tensile strengths were measured for
specimens 1/125 and 3/125. The summarized re-
sults are shown in Table 2.

Fig. 4. Top view of welds produced with Tool 1:
a) 80 mm/min; b) 125 mm/min; ¢) 150 mm/min

Fig. 5. Top view of welds produced with Tool 3:
a) 80 mm/min; b) 125 mm/min; ¢) 150 mm/min
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2. tablazat. A szakitdévizsgdlat eredményei (részlet)

Max. I\f:g;(lytlgﬁs Szakito-
Prébatest terhelés h l'. . szilardsag
™) elésnél (MPa)
(mm)
1/125a 6869 10,76 215
1/125b 6946 11,63 212
1/125¢ 6870 10,76 224
3/125a 6111 7,51 186
3/125b 7060 11,99 215
3/125¢ 7109 13,18 214

4.3. Welding quality by metallographic
examination

The cold-embedded samples were sanded in
three stages with 320, 600 and 1200 grit sandpa-
per and then examined under a microscope for
internal defects.

Different sizes of defects were found in each
weld. The lowest defect incidence was observed
in the 1/125 and 3/125 welds (Fig. 6 and 7).

4.4. Welding quality by hardness testing

Vickers hardness measurements were per-
formed on the mounted samples using a Struers
Duramin-100 tester. The measurements were car-
ried out on the 1/125 and 3/125 specimens, which
had shown the best performance in earlier tests.
The applied load was 9.81 N.

Since the welded plates were made of identical
material, the hardness values were expected to be
nearly uniform across the measured points, with
slightly higher hardness within the weld zone.
Measurements were taken along the crown side
from the retreating to the advancing side (Fig. 8
and 9) [2].

5. Conclusion

Of the results, welds made with tools 1 and 3 at a
travel speed of 125 mm/min were the most prom-
ising. These tools should be further tested with
different welding parameters, such as different
tool inclination angles (1-3°).

The spiral grooves on the tool improved materi-
al flow during mixing.

Further research should also investigate con-
cave shoulder designs to empirically determine
the optimal shoulder angle that promotes favora-
ble weld formation.

For tool 2, vertical grooves on the pin should
be avoided under the test conditions, as this con-
figuration did not give satisfactory results at any
travel speed. However, further experiments are
recommended, adjusting the groove geometry to
ensure material flow along them during welding.
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