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Abstract: The joining of aluminium alloy AA6082-T6 to polyamide 6 (PA6) by friction stir spot
welding (FSSW) was investigated in the current work. Although previous studies can be found on the
joining of polymers and metals by FSSW, welding using aluminium plates as thin as the ones used in
this work (1 mm) was not found. The influence of the plunge depth (0.1 to 0.5 mm) and the dwell
time (15 and 30 s) parameters on the welding results was studied. In general, the increase of these
parameters led to the improvement of the maximum load of the joints under tensile-shear testing.
Additionally, the feasibility of multiple spot welding was tested and proven. Finally, although most
of the welds were performed with a pinless tool, a tool with a conical pin and a concave shoulder
was used for comparison. The use of this more conventional tool resulted in joints easily broken
by handling. Still, the potential of the conical pin tool was demonstrated. The different conditions
were evaluated based on morphology and tensile-shear testing. The weld with the best mechanical
behaviour was produced with multiple spot welding, which failed for a maximum load of about
2350 N.

Keywords: friction stir spot welding (FSSW); hybrid structure; aluminium alloy; polyamide 6 (PA6);
welding parameters

1. Introduction

Two major concerns of today’s society are the improvement of energy efficiency and the
reduction of pollutant gas emissions, especially in the transport sector. Reducing the weight
of the vehicles is one of the best solutions to achieve this goal [1-3]. With this objective in
mind, the replacement of conventional all-metal structures by hybrid structures composed
of lightweight metal alloys and polymer-based materials has been attracting more and
more interest. Nevertheless, the number of applications ends up being limited due to the
difficulty in efficiently joining these materials with such different characteristics [4].

Mechanical fastening and adhesive bonding are the two main methods traditionally
used for this purpose, although they present several disadvantages. For example, mechani-
cal fastening uses mechanical components that add unnecessary weight to the structures
and the adhesives are normally susceptible to thermal and environmental degradation [5].
As a result, the need to find alternative methods to join polymer-based materials and
lightweight metal alloys becomes evident.

One of the methods that can be used to join metals and polymers is friction stir welding
(FSW). The FSW is a joining process initially developed to overcome the difficulties of
aluminium welding. Patented in 1991 in The Welding Institute by Thomas et al. [6,7], it
has been used not only to join aluminium but also to weld other metals, polymers, and
composites [8]. Furthermore, the FSW is a process that allows the joining of dissimilar
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materials [9-11]. The friction stirs spot welding (FSSW) is an FSW variant for spot joining
and, therefore, differs from the base process as there is no translation movement of the
tool. The FSW /FSSW process works by penetrating a non-consumable rotating tool at a
relatively high rotational speed, which generates heat through friction and severe plastic
deformation, allowing the welding of the adjoining surfaces.

The feasibility of joining aluminium alloys to non-reinforced polymers by FSSW has
already been demonstrated in several studies. Most authors use pinless tools and an
overlap joint configuration with the aluminium placed over the polymeric material. The
improvement of the joint quality and strength has been studied not only by the optimization
of the main welding parameters, such as rotational speed, plunge depth [12,13], axial
force [14-16], and dwell time [14-16] but also by testing different surface treatments on the
aluminium side in contact with the polymer. These surface treatments improve the micro-
mechanical interlocking of the materials [17,18], by allowing a better entrapment of the
polymer in the metal rugosities [18,19]. The main surface treatments reported in previous
works are grinding [20], sandblasting [19], chemical etching [13], laser texturing [14,15,21],
plasma electrolytic oxidation [22,23], and anodizing pre-treatment [24].

The joining of thin sheets of aluminium alloy AA6082-T6 to polyamide 6 (PA6) using
FSSW was investigated in this work. Although there is already some published literature
reporting the joining of polymers and metals by FSSW, welding using aluminium plates
as thin as the ones used in this work (1 mm) was not found. Furthermore, the influence
of plunge depth and dwell time parameters on joint quality and strength as well as the
feasibility of multiple spot welding were studied. Although not often referred to in the
literature, multiple-spot welding has more industrial applications than single-spot weld-
ing [25]. Finally, the pinless tool used in most of the welding tests was compared to a
more conventional tool, which is composed of a conical pin and a concave shoulder. The
comparison between the different conditions was based on a morphological analysis of the
top surface and cross-section of the welds and the mechanical performance of the joints.

2. Materials and Methods

The materials used in this work were 1 mm thick aluminium alloy AA6082-T6 and
6 mm thick PA6. The chemical composition of this aluminium alloy is shown in Table 1,
and the mechanical, physical, and thermal properties of both materials are shown in Table 2.
Tables 1 and 2 were built based on information provided by the supplier and experimental
tests.

Table 1. Chemical composition of the aluminium alloy AA6082-T6.

Material

Si

Fe Cu Mn Mg Cr Zn Ti Al

AA6082-T6

0.7-1.3

<0.5 <0.1 0.4-1 0.6-1.2 <0.25 <0.2 <0.1 Balance

Table 2. Mechanical, physical and thermal properties of the AA6062-T6 and the PA6.

Property AA6082-T6 PA6
Density (g/ cmd) 2.70 1.14
Ultimate tensile strength (MPa) 290-310 55 *
Yield Strength (MPa) 250-260 38 *
Vickers Microhardness (HV) 103 * 5.8-6.8 *
Thermal conductivity (W/K-m) 150-180 0.28
Melting temperature (°C) 550-650 220
Elongation at break (%) 10 170 *

* Properties obtained experimentally.

The welds were prepared with a lap joint configuration, using 100 mm long and
40 mm wide plates and an overlap area of 40 x 40 mm?. Moreover, the aluminium plate
was always positioned over the polymer plate and the welding was performed in the centre
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of the overlapped area. Before assembly, the plates were cleaned with ethanol 96% vol. and
dried with pressurised air. The aforementioned joint configuration is provided in Figure 1.
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Figure 1. Joint configuration used during welding. Dimensions in mm.

Preliminary tests were carried out to study the influence of surface treatment of
the aluminium side in contact with the polymer. The surface treatment consisted of dry
grinding the aluminium surface using P100 SiC paper to increase its rugosity and remove
the oxide layer and other impurities. These tests showed that when the aluminium surface
is not treated, it detaches very easily from the polymer. In turn, the preliminary welds
produced with the surface treatment of the aluminium significantly increased their strength
due to the improvement of the mechanical interlocking mechanism.

Additionally, preliminary tests were also performed to study the influence of the
tightening torque of the clamping frame, which fixes the materials to the working station,
on the welding results. While the under-tightening of clamps led to misalignment of the
assembly during welding, the over-tightening of the clamps led to severe deformation of
the aluminium, promoting the free end to rise during welding, as represented in Figure 2a.
As thin aluminium sheets were used, the rising of the free end resulted in the rupture of
the aluminium under the tool from the rest of the plate, as can be seen in Figure 2b. As
a result, both scenarios ultimately compromised the success of the welding process. By
testing multiple conditions, it was found for this study optimum value of tightening torque
of 25 N-m.

(a) (b)

Figure 2. Welding results are promoted by excessive tightening of the clamping frame: (a) rise of the
free end and (b) rupture of the aluminium under the tool.

The welding was performed on a milling machine using tungsten carbide tools and
different tool geometries (TG). Although a pinless tool was used to perform most of the
welding tests, part of them was carried out using a tool with a conical pin and concave
shoulder for comparison. The pinless tool (PL) has a 10 mm in diameter shoulder and a flat
bottom surface. In turn, the conical pin tool (CN) has a concave shoulder with a diameter
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of 12 mm and a 1.3 mm long conical pin with 6 mm in diameter at the base and 3 mm in
diameter at the tip. Both tools are illustrated in Figure 3.

Figure 3. Welding tools used in this study: a pinless tool (left side) and a conical pin with a concave
shoulder tool (right side).

Then, the influence of the dwell time (DT) and plunge depth (PD) was investigated.
Dwell times of 15 and 30 s were compared, and the plunge depth was varied between
0.1 and 0.5 mm, at intervals of 0.1 mm. Furthermore, single-spot welding was compared
to triple-spot welding to understand if the deformation of the aluminium plate during
multiple-spot welding promoted the separation of the previously performed welds. All
the different conditions experimented on are displayed in Table 3. The rotational speed
used in all conditions was 1500 rpm. The choice of using this rotational speed was based
on previous preliminary tests, where the rotational speed was varied between 870 and
2000 rpm.

Table 3. Protocol of the welding tests.

Designation * Tool Geometry Plul;%;!n?)epth Dwe}l)Tlme We;‘ti;;gegsypot
PL_0.1_15_S Pinless 0.1 15 Single
PL_02_15_S Pinless 0.2 15 Single
PL_0.3_15_S Pinless 0.3 15 Single
PL_04_15_S Pinless 0.4 15 Single
PL_0.5_15_S Pinless 0.5 15 Single
PL_0.2.30_S Pinless 0.2 30 Single
PL_0.2_15_T Pinless 0.2 15 Triple
CN_0.2_10_S Conical 0.2 10 Single

* Nomenclature reasoning: TG_PD_DT_Single (S) or Triple (T) Spot Welding.

Furthermore, during the preliminary tests, it was observed that the aluminium can
easily stick to the shoulder. Consecutive welding tests without tool cleaning resulted in
aluminium build-up, progressively changing the real tool geometry. This unintentional
change in tool geometry cannot be controlled and can result in severe degradation of the
aluminium plate. Figure 4 shows the surface finish of welds produced using the pinless
tool without and with aluminium accumulation, Figure 4a,b, respectively, and the resulting
cross-sections of these welds, Figure 4c,d, respectively. While a clean tool results in a
smoother and more uniform weld surface (Figure 4a), when using a tool with aluminium
accumulation the weld surface is much more irregular (Figure 4b). Additionally, from the
cross-section of the welds it can be seen that a clean tool produces joints with a controlled
deformation of the aluminium under the tool (Figure 4c), while the tool with material
accumulation results in a severe deformation of the aluminium under the tool (Figure 4d).
This more aggressive deformation favours the formation of cracks in the interior of the
aluminium, as shown in Figure 4d. In order to ensure greater control of the welding
parameters, the accumulation of material on the bottom of the tool was always checked
before and after each weld, and cleaned if there was any stuck material.
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(©) (d)

Figure 4. Weld surfaces produced using a tool (a) without and (b) with material accumulation and

cross-sections of welds produced using a tool (c) without and (d) with material accumulation.

The different conditions were compared based on the weld morphology and me-
chanical performance. The morphological analysis resulted from the comparison of weld
surfaces, transverse cross-sections and joining areas, using a Leica DM400M LED opti-
cal microscope. The morphological analysis was complemented with Scanning Electron
Microscopy (SEM) images that were acquired using a ZEISS GeminiSEM 460 scanning
electron microscope. In turn, the mechanical performance was based on tensile-shear
testing, performed on a Shimadzu AGS-X universal tensile testing machine with a load
capacity of 100 kN and using a deformation speed of 5 mm/min at room temperature. For
the tensile-shear testing, 3 specimens were tested for each condition. To ensure that the
solicitation was aligned, shim plates were used in the wedge grip areas.

3. Results

Figure 5a illustrates an example of a polymer-metal weld produced by FSSW using
a pinless tool and Figure 5b shows the typical macrostructure of the weld cross-section.
During welding, when the tool penetrates the aluminium, the metal under the shoulder is
deformed and pushed against the polymer. Due to the frictional heat generated by the rotat-
ing tool, the temperature of the polymer close to the interface increases, causing the heated
polymer to exhibit a fluid-like behaviour. Then, the aluminium pushed and deformed
by the rotating tool easily penetrates the softened polymer, creating a macro-mechanical
interlocking mechanism after cooling [17,18]. Due to heat conduction, the aluminium
around the tool also significantly increases its temperature, consequently softening the
polymer below it. The aluminium and the polymer are also joined in the region around
the tool action zone by mechanical interlocking mechanisms. This is a possible reason
why the welds performed on preliminary tests with untreated aluminium surfaces showed
bad mechanical performance, as the smooth aluminium surfaces may not allow a good
micro-mechanical interlocking due to the lack of roughness of the surfaces.

(b)

Figure 5. (a) Example of a polymer-metal weld produced by FSSW using a pinless tool and (b) a
typical cross-section.
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3.1. Plunge Depth

The plunge depth was the first parameter studied in this work. Penetrations ranging
between 0.1 and 0.5 mm at intervals of 0.1 mm were tested and compared. The lowest
plunge depth tested (PD = 0.1 mm) resulted in joints that could be easily separated by
hand. Overall, the increase in plunge depth results in the increase of aluminium plunged
into the polymer, which influences the joint strength. By increasing the penetration of
the tool, it was possible to obtain effective joining for plunge depths of 0.2 (PL_0.2_15_5),
0.3 (PL_0.3_15_S) and 0.4 mm (PL_0.4_15_S). Then, when using a plunge depth of 0.4 mm,
cracks start to form in some welds due to excessive tool penetration, as shown in Figure 6.
When the plunge depth was further increased to 0.5 mm, these cracks propagated, leading
to the separation of the aluminium under the tool from the rest of the aluminium plate, and
resulting in weld failure. Therefore, it can be concluded that increasing the plunge depth
improves the mechanical performance of the joints up to the point where it leads to the
breaking of the material under the tool.

Figure 6. Cracking of the aluminium as a result of excessive tool penetration.

3.2. Dwell Time

After studying the influence of plunge depth on the FSSW process, the increase in
dwell time from 15 s to 30 s was investigated. When the dwell time was increased, the
materials were exposed for a longer period of time to the high temperatures of the process.
Still, the dwell time did not affect the appearance of the weld surfaces since the surfaces of
the two welds are similar to each other and the surface is illustrated in Figure 4a. On the
other hand, by comparing the cross-sections of the welds produced with dwell times of
15 s (Figure 7a) and 30 s (Figure 7b), conditions PL_0.2_15_S and PL_0.2_30_S respectively,
it can be observed that they display significant differences. The separation of the base
material and the heat-affected polymer is identified in Figure 7a,b with dashed lines. In
addition, the darker-coloured rounded structures indicate the presence of pores inside
the polymer. Although both welds show the presence of pores in the polymer close to
the interface, the increase in dwell time resulted in a significant increase in the size of the
pores. More specifically, welds carried out with 15 s of dwell time resulted in pores up
to approximately 1 mm wide, while welds carried out with 30 s of dwell time resulted in
pores with a width ranging from approximately 2 mm to more than 5 mm. Additionally,
the weld produced with a longer dwell time of 30 s (PL_0.2_30_S) revealed a thicker layer
of thermically affected polymer, with a maximum thickness in the weld centre of about
1.1 mm, while the weld produced with a shorter dwell time of 15 s (PL_0.2_15_S) revealed
a smaller layer with a maximum of about 0.6 mm, also in the central region. Due to the
longer heat exposure, greater heating of the entire aluminium plate took place, allowing
the heat to spread to a wider region, which promoted the formation of a larger joining area.
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C)

(b)

Figure 7. Cross sections of the weld conditions (a) PL_0.2_15_S and (b) PL_0.2_30_S.

As displayed in Figure 8, in terms of mechanical performance, the welds produced
using the 15 s of dwell time (PL_0.2_15_5S) failed at a maximum force of about 1700 N,
and the welds produced with a dwell time of 30 s (PL_0.2_30_S) at 2100 N (highest values
among the three specimens tested for each of these two conditions). The improvement of
mechanical performance of about 24% was mainly attributed to the formation of a larger
joining area. A longer dwell time increases the processing time of each weld, making
the process less productive. However, these tests demonstrated that the increase in heat
generation may result in an improvement in mechanical performance, despite leading to
the formation of larger pore defects. At industrial and commercial levels, the dwell time
must be as short as possible. In order to achieve similar results without increasing the
process time, other strategies must be tested in the future, such as the increase of rotational
speed or the use of larger tool diameters, for example.

PL 02158 =-=-= PL 0230 S s PL0215T =——=-CNO0210S

2500

2000

1500

1000

Force (N)

500

S

Displacement (mm)

Figure 8. Force-Displacement curves for the specimen with the highest strength out of the three tested
for each of the following conditions: PL_0.2_15_S, PL_0.2_30_S, PL_0.2_15_T and CN_0.2_10_S.

3.3. Triple Spot Welding

During welding, the aluminium around the tool action zone showed some deformation
as a result of using thin metal plates. For this reason, single-spot welding, Figure 9a, was
compared to triple-spot welding, Figure 9b, with the objective of understanding if the
deformation associated with the production of multiple welding spots resulted in the
detachment of the previous welds. The results showed that the multiple welding was
successfully performed as the plates were still joined in each spot region after performing
the three welding steps. Then, the mechanical performance was compared to understand if
there was an improvement in joint strength. Figure 8§ demonstrates that while the single
spot weld failed at a maximum force of about 1700 N, the triple spot weld failed at 2350 N,
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which represents an improvement of about 38%. It is important to note that because two
welds were performed close to the border of the overlapped region in the triple spot weld,
there was polymer extruded to the border of the joint. If the metal plate was wider, the
polymer instead of being extruded would be spread through the interface, contributing
to the increase of joining area and potentially to the increase of mechanical strength. In
addition, as in the triple spot welding the welds were performed very close to each other,
there was overlap between the joining areas, which may have prevented a greater increase
in joint strength. Still, the objective of this condition was to verify if multiple spot welding
was feasible, which was demonstrated since the performance of multiple spot welding
did not result in the separation of previous welds. Another aspect that could improve the
performance of this type of welding is the study of the distribution of the multiple spot
welds, which is suggested for future work.

(b)

Figure 9. Surface finish of joints produced with (a) Single spot welding and (b) Triple spot welding.

3.4. Pinless Tool versus Conical Pin Tool

The last topic addressed in the current work was the comparison of the performance
of a pinless tool and a tool with a conical pin. As demonstrated in the previous sections,
the pinless tool managed to successfully join the aluminium and the polymer by FSSW for
different conditions. However, to make the process competitive at industrial and commer-
cial levels, the joint strength needs to be greater, which can be achieved by improving the
mechanical interlocking mechanisms. In addition to the improvements that can be obtained
by optimising the main welding parameters, such as the rotational speed, plunge depth or
dwell time, the micro-mechanical interlocking may be improved with the improvement of
surface treatments. On the other hand, the macro-mechanical interlocking mechanism is
significantly influenced by the geometry of the tool. For this reason, a new tool was tested
to understand if the proposed geometry could improve the mechanical performance of the
welds. Welds produced with a pinless tool were compared to welds produced with a tool
composed of a conical pin and a concave shoulder. This tool was chosen because it was
intended to produce an irregular interface that would allow the aluminium to anchor well
to the polymer. The cross-section obtained in the weld produced with this tool is provided
in Figure 10.

Figure 10 shows that the aluminium was properly plunged into the polymer, in a wavy
profile, indicating a good macro-mechanical interlocking. However, the weld produced
with this condition resulted in a weak joint. Due to an excessive deformation of the
aluminium, cracks were created throughout the deformed aluminium. Additionally, this
tool promoted the rise of aluminium around the tool action zone, meaning that there was
no contact between the materials in this region. When testing the strength of the weld
produced with the conical tool (CN_0.2_10_S), the specimens failed for a maximum force of
about 700 N, as shown in Figure 8. This resulted in the separation of the plates by nugget
pull-out, leaving remnants of aluminium in the polymer and vice versa, which can be
observed in Figure 11. Although the mechanical tests have shown that this tool is not the
most suitable for the current conditions, it cannot be said that the tool is not suitable for
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metal-polymer joining by FSSW. One of the possible causes of bond failure when using
this tool could be the use of excessively thin aluminium plates, as small deformations
resulted in cracking of the metal plate, which may not be the case for thicker plates. For
these reasons, it is suggested for future work the study of this tool with a conical pin for
producing metal-polymer joining by FSSW with thicker aluminium plates. Regarding
the joining of thin plates, the joining of 1 mm thick aluminium to PA6 by FSSW using a
pinless tool was demonstrated in this work. In this sense, it is suggested for future work
the study of the optimization of different welding parameters. Additionally, the study of
new solutions for texturing the surface of the metal plate, with the aim of allowing the
improvement of interlocking mechanisms, is also encouraged.

Figure 10. Cracking of the aluminium as a result of excessive tool penetration.

Figure 11. Surfaces of the bonding interface of welds produced with the conical pin tool after
mechanical testing.

4. Conclusions

Aluminium-PA6 joints were successfully produced by FSSW. The preliminary tests
focused on the aluminium surface treatment and the tightening torque of the clamping
frame made it possible to improve and standardise the welding conditions. This allowed
us to study different parameters/conditions with greater reliability in the present research,
which led to the following conclusions:

e  Theincrease of plunge depth leads to an increase in mechanical strength up to the point
where excessive penetration (0.5 mm) gives rise to rupture of the aluminium plate;

e  Although the pore defects tend to increase with longer dwell times, an improvement
in maximum load under tensile-shear testing resulted from the increase of the joining
area. As a result, the increase of dwell time from 15 to 30 s resulted in the increase of
joint strength from 1700 to 2100 N (an increment of about 24%);
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e  Triple spot welding was successfully demonstrated as the multiple welds do not result
in the separation of previous welds, improving the mechanical performance when
compared to single spot welds. The weld with the best mechanical behaviour was
produced with multiple spot welding, which failed for a maximum load of about
2350 N (an increment of about 38%);

e  The use of a more conventional tool with a conical pin and a concave shoulder result
in the production of FSS welds between thin aluminium plates and PA6 with a lower
strength (700 N) than those produced with a pinless tool. However, despite the lower
strength of the weld produced with the tool with a conical pin, the interface of the
materials was more irregular, indicating a better macro-interlocking between both
materials. Therefore, despite not being suitable for the welding conditions of this
study, the tool’s potential for joints with thicker aluminium plates was demonstrated.
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