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Abstract
Refill friction stir spot welding (RFSSW) is a highly flexible and promising solid-state joining method for aluminium alloys.
Alternatively, resistance spot welding (RSW) can be stated as an appropriate joining method which can be automated and used
within a high-volume production due to short process times. Both processes do not need any additional elements and a flat surface
on both sides of the joints can be realised. In order to meet the modern requirements for crash safety and structural stiffness,
thermal and mechanical joining methods are mainly combined by using single-component epoxy resin adhesives. Due to an
insufficient knowledge about the application of both thermal joining methods for the abovementioned material combinations
combined with additional adhesives, deeper investigations were done regarding the interactions of the polymers and the joining
processes. Starting with a brief presentation of the boundary conditions of the investigations and the refill friction stir spot
welding and resistance spot welding of high-strength aluminium alloys with sheet thicknesses bigger than 5.8 mm, the paper
introduces the process-related joint properties of friction-based and resistance-based welded joints. Afterwards, the paper dis-
cusses the influences of the process parameter on the metallographic joint formation and load-bearing capacities for a selected
two-sheet and four-sheet material combination. When combining the spot welding technologies with adhesives, the process
parameters of the RFSSW process have to be adapted for the two-sheet combination by adding a squeeze-out step, while for
RSW, just the preholding time has to be increased. Different challenges for both joining methods are shown. For RFSSW, the gap
formation has to be considered when welding big total sheet thicknesses, while for RSW, the shape of the weld nugget is more
important for an appropriate joint performance. Additionally, process optimisations for less adhesive incineration will be
discussed for both joining processes, and the influences of the adhesive on the joint formation will be addressed with the help
of load-bearing capacity evaluations. The paper closes with specific recommendations for the realisation of refill friction stir and
resistance spot-welded joints with and without adhesive in the field of Al joints with big total sheet thicknesses which meet the
quality demands and an outlook for further research steps will be given.
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Destructive testing

1 Introduction

Using a B-pillar as an example, high-strength aluminium al-
loys (7075-T6, 6082-T6) offer a weight reduction of up to

40% but lead to higher total material thicknesses of up to
8.7 mm compared with high-strength steels (HCT780X/T
and 22MnB5) [1]. These developments show that aluminium
materials offer a high degree of lightweight construction po-
tential and are even suitable for crash-relevant applications or
for components subjected to cyclic stress, such as those used
in automotive and aerospace engineering. In the aerospace
industry, for example, AlCu alloys of the 2000 series with
total material thicknesses of up to 8 mm are used to join
fuselage segments to the outer skin [2]. Due to the sheet thick-
nesses used (in particular multi-sheet joints), the requirements
for potential joining processes are also increasing at the same
time. Adhesive bonding is a joining process that is suitable
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here in principle. It also contributes to increasing the strength
of the material-optimised components. However, in order to
ensure handling strength until the adhesive is cured, an addi-
tional joining process is required. According to the current
state of the art, mechanical joining processes are used for
bondings on aluminium thick-sheet applications (Figs. 1 and
2), which, however, reach their limits with higher strength
aluminium grades (cf. [4]) due to high setting forces or defor-
mations within the auxiliary joining elements.

Refill friction stir spot and resistance spot welding are pos-
sible alternatives in the field of thermal joining processes. In
combination with adhesive, however, they can lead to adhe-
sive burn-off in areas close to the welding spot and to impu-
rities in the joining area (see, e.g. [5]). A further economic
challenge when using refill friction stir spot welding is the
heat input or cycle time. RFSSW requires low feed rates to
enable sufficient plastification of the materials and optimum
joint point formation. When using adhesives for both process-
es, it is important to minimise the energy input while at the
same time a good joint formation in order to allow minimal
adhesive damage for the highest possible bond strength is
decisive.

Repeatable and appropriate joining of Al sheets with a big
total sheet thickness is examined in more detail in this article.
First, the two joining processes are presented and their process-
related special properties are discussed. Subsequently, the pro-
cedure for stable spot weld bonding is explained and the corre-
sponding load-bearing capacities are compared for selected
load cases.

2 Introducing the joining processes and their
joining task-specific properties

2.1 Refill friction stir spot welding process

Refill friction stir spot welding (RFSSW) is based on the basic
principle of friction stir welding (FSW) according to DIN EN
ISO 25239, which is established especially in aircraft produc-
tion. It is a two-sided friction-based process allowing spot-

shaped joining of sheets. RFSSW uses a rotating tool
consisting of a shoulder and a probe which generates a fric-
tional heat input and, due to its axial counter-rotating tool
movement, it mixes the material of the joining partner.
Therewith, a media tight joint with a flat surface from both
sides of the sheets is produced. Within the joining process, the
sheets are clamped between the clamping ring and the anvil
(see Fig. 1). The joint formation results in a high weld strength
and a good load-bearing capacity, especially under lap shear
load. RFSSW produces welds of high quality in difficult to
weld materials [cf. 4].

The main advantages of this joining method are the follow-
ing: because of the relatively low process temperature, excel-
lent mechanical weld properties can be achieved, no pre-weld
preparation or cleaning and no additional elements are needed,
and a flat surface on both sides of the joint can be realised. In
addition, RFSSW is a very flexible joiningmethod concerning
the sheet thicknesses and the combination of different sheet
thicknesses in a two- or three-sheet setup [5]. In a very big
thickness range (a package thickness of more than 8 mm), it is
possible to create appropriate joints with the same tool setup.

The principle applicability of the process for the aluminium
alloy types considered in this paper has been investigated in
many studies, for example, in [6] for EN AW-2024, in [5, 7]
for EN AW-5xxx, in [8, 9] for EN AW-6181 and in [6, 10, 11]
for EN AW-7075. The effects of the adhesive in combination
with larger sheet thicknesses (> 3mm) have not been considered
in detail. Only [5] contained random tests with a heat curing
crash-optimised epoxy resin adhesive. It was found that this
was thermally degraded over a large area around the joining spot
as a result of the heat effect and that the adhesive was present in
the joining zone. It shows that the simple application of the
process-specific process parameters to the spot weld bonding
process in combination with adhesive is not easily possible.

2.2 Resistance spot welding process

Resistance spot welding (RSW) is a press welding process and
represents a suitable alternative for joining Al alloys. A molten
welding nugget is formed by the simultaneous application of an
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electrode force and a welding current based on Joule’s resistance
heating between the joining partners (see Fig. 2). Due to short
process times, adapted aluminium surfaces and electrical rod
machining processes as well as the further development of con-
trol technology, the first large series applications in the thin-sheet
metal area of car bodies (doors, lids) are already industrially
established [12]. The current applications are focussing on well
weldable 5000 and 6000 Al alloys with material thicknesses of
up to max. 2.5 mm in a double-sheet configuration. For material
thicknesses with a minimum of 3.5 mm, there are no process or
standard specifications that allow the process to be qualified, e.g.
DVS2932. Furthermore, there is insufficient process understand-
ing for the joining task “high-strength thick plate Al alloys” (see
DVS2932). In order to compensate the balance between heat
input and heat dissipation, which occurs particularly early in
the welding process due to the high thermal conductivity, short
welding times in combination with high welding currents should
be selected. To increase the welding quality, the use of current
force programme is recommended in the DVS data sheet DVS
2932-3 as well as in [13–15]. In series applications, precondi-
tioning currents are used to reduce contact resistances and im-
prove early adhesive displacement by decreasing the adhesive
viscosity. The existing problems regarding the alloying mecha-
nism between the electrode caps and the surface of the parts to be
joined have already been addressed in numerous studies [16, 17].

The process-related existence of a molten material can lead
to metallurgical imperfections in the form of cracks and po-
rosities. The formation of these imperfections can be observed
in applications with particularly high currents due to extreme
cooling and heating phases [18]. In resistance spot welding of
aluminium with large material thicknesses, the adhesive also
represents a significant disturbance factor. Despite the pres-
ence of local high component stiffnesses, the adhesivemust be
displaced in order to initiate the welding process. Insufficient
adhesive displacement of higher-viscosity adhesives and seal-
ants can lead to an increased tendency to spatter [14]. These
welding spatters lead to a lack of process reproducibility and
contamination of the surrounding component surfaces and
thus to cost-intensive quality assurance and after-treatment
of the component.

3 Experimental procedure

For the application of refill friction stir spot welding and re-
sistance spot welding in the applications considered here, a
systematic procedure is decisive, which is summarised below
for both joining processes. After selecting a suitable tool set or
suitable electrode caps, a stacking study (orientation of the
sheets) is carried out, followed by a process parameter study
in which the joint quality is first assessed with the aid of a
chisel test according to DIN EN ISO 10447. A low-energy
solution with fast tool movements and short tool dwell times
or short current times is preferred for the purpose of
minimising adhesive damage due to thermal decomposition
processes. Especially when adding an adhesive, the range of
suitable process parameters may be reduced and changed.
After identification of one or more parameters, a deeper com-
parison may be necessary in which the mutual influence of the
thermal and adhesive joining processes can be evaluated and
optimum joining conditions can be determined. This is done,
for example, with the aid of shear tensile tests according to
DIN EN ISO 14273, in which the joint characteristics are
indirectly analysed via the resulting load-bearing capacity.
The application of the adhesive (adhesive bead with a diame-
ter of 3 mm) has been carried out in a reproducible way, so
that a comparison of the different studies is possible. RFSSW
trails have been performed with a Harms & Wende GmbH &
Co. KG RPS100 machine while a 1000 Hz MFDC-welding
machine equipped with a (NIMAK GmbH) C-Gun has been
used for the RSW trails.

4 Process parameter study for welding
two-sheet aluminium joints with large total
sheet thicknesses

In this section, selected test results of the two-sheet combina-
tion consisting of medium- and high-strength Al alloys with a
total sheet thickness of 5.8 mm are presented. For the material
combination EN AW-5083 + EN AW-6082, results for refill
friction stir spot welding as well as for resistance spot welding
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with and without adhesive are shown. In addition, the joint
formation during resistance spot welding of the material com-
bination is evaluated using the crack- and void-sensitive alloy
EN AW-7075 instead of EN AW-6082. The abovementioned
susceptibility to cracking and porosity exists in particular in
the resistance spot welding process.

4.1 Refill friction stir spot welding of two-sheet Al
joints with and without additional adhesive

Two tool sets (WZ12 and WZ17) are currently available from
the manufacturer of the joining system. The tool set WZ17
with a probe diameter of 6.4 mm and a shoulder diameter of
9.0 mm was selected for all material combinations considered
in this paper due to the big resulting available penetration
depth range of up to 8.0 mm. In preliminary investigations
(chisel tests), the parameter set shown in Fig. 3 (top left) with
1500 rpm_1.5 s_3.5 mm_1.5 s was found to be the optimum.
The limit between the plug fracture from the upper and lower
joining partner was reached so that a very high degree of
utilisation has been achieved. With the addition of the adhe-
sive and by keeping the process parameters, undesirable brittle
interfacial shear fractures occurred and thus insufficient joint
spot formation (top left). The adhesive has to be squeezed-out
of the joining area/shear layer to get appropriate joint proper-
ties. Therefore, approximately 16 different tool motion-based
adhesive squeeze-out strategies were investigated, see also
prior squeeze-out strategy [3], and tested with 3 repetitions
for each solution approach. The variant shown in Fig. 3, in
which the shoulder initially penetrates only 2.8 mm, returns to
a depth of 2 mm and then penetrates to the total penetration
depth of 3.5 mm, proved to be optimal and reproducible re-
garding the failure mode within the chisel test for 3 and more

repetitions. The retraction stroke is carried out conventionally
analogous to the parameter set without squeeze-out phase. The
total process time increases by only 1.2 s due to the addition of
the squeeze-out phase.

4.2 Resistance spot welding of two-sheet Al joints
with and without additional adhesive

Based on [14, 19], the electrode caps and welding profiles
were first defined. It was welded with the A0-20-R100 caps
which are compatible with high electrode forces and with a
welding profile which begins with a pre-pulse and ends with a
downslope after the main current time. In order to keep the
welding time as short as possible in which the heat flows into
the components, the downslope was shortened by 320 to
80 ms in contrast to [14]. In order to reduce the maximum
welding current below 50 kA, the main welding time which
was used in [14] was extended by 120 to 180 ms. The elec-
trode force was set to a constant high force level of 8 kN in
order to facilitate simple process control. The weldability lobe
diagram for resistance spot welding without adhesive shown
in Fig. 4 shows a relatively large welding range from Imin = 31
kA to Imax = 46 kA, in which welding spatters occurred.

Based on this study, the process parameters could be trans-
ferred directly to the application with adhesive (see Fig. 4).
The initial contacting problem due to the insulating adhesive
layer did not occur in this material combination, but the
preholding time was increased to 500 ms to ensure better
reproducibility. The size of the welding spots at Inenn = 37
kA remained almost constant directly above the boundary of
8.4 mm to the spot-welded joints, so the further investigations
were carried out with this parameter set.
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4.3 Comparison of resulting load-bearing capacities of
welded two-sheet joints

In order to analyse the mutual influence of the spot weld
joint formation and the adhesive bond, the load-bearing
properties were determined under quasistatic lap shear
load of the bonded and thermally joined specimen as well
as of the spot weld-bonded joints in the uncured and cured
state (see Fig. 5). When comparing the load-bearing

capacity of the spot-welded joints (b, c) with those which
were joined and cured by spot welding with additional
adhesive (d, e), it becomes clear that the additional adhe-
sive has a minor (c vs. e) or negligible (b vs. d) influence
on the formation of the spot weld. The influence of the
spot welding processes on the adhesive joint is presented
in the comparison between (a) and (f) and (a) and (g)
respectively. The reason for this is the direct dependence
of the maximum test loads on the adhesive bond, while the
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further failure behaviour of the spot welds may, under
certain circumstances, be positively influenced with re-
spect to energy absorption by ductile failure (not present
in these investigations). In principle, it can be stated that
the resistance spot welding process does not cause a re-
duction in maximum force even if the effective adhesive
surface is reduced. On the other hand, the RFSSW process
reduces the load-bearing capacity of the adhesive joint
part (a) by approx. 12% to 22.76 kN of the spot weld-
bonded joint. A combination of the process force (16
kN), which is approx. twice as high for RFSSW, and the
higher process temperatures in the area around the joint
centre due to the longer process time (see also Chapter 5)
will be responsible for this effect.

4.4 Spot weld bonding of two-sheet Al joints with
high-strength EN AW-7075 alloy

In some publications, e.g. [6, 10, 11, 20], refill friction
stir spot welding for application with the high-strength
Al alloy EN AW-7075 has already been investigated
successfully for the most part. However, challenges in
resistance spot welding with EN AW-7075 are reported
because of the tendency for hot cracking and heat-
affected zone (HAZ) softening [21]. In the following, a
brief excursion into resistance spot welding bonding of
the AlZnMgCu1.5 alloy in combination with the EN
AW-5083 alloy which has already been considered in
Chapter 4 is therefore given. EN AW-7075 was used in
the same material thickness (3.0 mm) as EN AW-6082 in
order to enable comparability with the test results of this
material combination. Preliminary investigations (chisel
tests and micrographs) showed that a direct transfer of
the process parameters of the “Resistance spot welding
of two-sheet Al joints with and without additional adhe-
sive” section was possible. Figure 6 shows a comparison
of the maximum test forces and energy absorption of
elementally bonded, resistance spot-welded and spot
weld-bonded specimens in the uncured and cured state.
On average, all registered test loads are approx. 1 kN
above those produced with EN AW-6082 (Fig. 5). Even
if the joint properties could not be directly exploited with
the ratio of material tensile stresses (EN AW-6082 with
about 342 N/mm2 vs. EN AW-7075 with about 540 N/
mm2 [22]), the results basically speak in favour of
defect-free welds.

Despite the formation of minor porosities in the welding
nugget, it can be assumed that good weldability exists at the
boundary conditions described here. The scattering of the re-
sults of the spot weld-bonded and cured specimens (d) can be
explained by the sporadic occurrence of welding spatters (see
failure diagram).

5 Process parameter study for welding
four-sheet aluminium joints with large total
sheet thicknesses

In addition to the two-sheet joint with a total sheet thickness of
5.8 mm considered in the “Process parameter study for
welding two-sheet aluminium joints with large total sheet
thicknesses” section, this paper discusses refill FSSW and
RSW of a four-sheet joint with a total sheet thickness of
9.3 mm. Due to the big total sheet thickness with small indi-
vidual sheet thicknesses, further problems arise, e.g. optimal
sheet arrangement (stacking), appropriate adhesive displace-
ment in all shear layers, gap development and optimal inter-
connection of all involved joining partners. In the following,
selected test results for refill FSSW and RSW will be
discussed.

5.1 Refill friction stir spot welding of four-sheet Al
joints

An unfavourable characteristic of refill FSSW in connection
with correspondingly large total sheet thicknesses is the de-
velopment of gaps. In a flange situation, this leads to an af-
fected adhesive bond due to air inclusions, etc. During energy-
intensive RFSSW of the four-sheet joint with a shoulder pen-
etration depth of more than 6.3 mm, due to the high process
forces and strong deformations in the stirring zone, the joining
partners may develop a global deformation (see, e.g. Fig. 7).
The resulting deformations depend on the one hand on the
sheet arrangement (stacking) and on the other hand on the
joining parameters. In the following, exemplary microsections
with variation of the sheet arrangement while retaining the
process parameters are shown. On this basis, the arrangement
variant was selected which led to the lowest deformations.
The sheet with the greatest material thickness (EN AW-6082
t = 3.0 mm) was always arranged on the side of the weld to
ensure the lowest possible welding penetration depth. In ad-
dition to low-energy input, this also reduces the tool load and
tool wear.

The effective gaps were determined by means of a
micrometre on each longitudinal side of the joint sample with
five repetitions. Depending on the arrangement, average gap
sizes of 0.3 to 0.91 mm were obtained. In addition, the load-
bearing capacities were determined for selected arrangements
in the critical lowest shear layer as well as in the highest shear
layer. The tool-sided arrangement of the second largest sheet
thickness (EN AW-5083 t = 2.8 mm) was selected for the
further parameter study. In this study, the influence of the
process parameters at speeds of 1000 rpm and 1500 rpm and
at different penetration depths of the shoulder was considered
on the gap formation (Fig. 8). All parameter sets were empir-
ically selected in such a way that, in order to minimise the
process time and energy input, the highest possible workload
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of the drive motors of the joining system was achieved.
Consequently, a longer welding time is necessary at low turn-
ing speeds as well as at greater penetration depths of the shoul-
der. In summary, it can be stated that a speed of 1500 rpm,
almost independent of the penetration depth, enables the
smallest gap development. In order to enable a stable forma-
tion of the joint with a sufficient welding depth and gaps
smaller than 0.46 mm, parameter sets 0_5 and 0_6 were se-
lected for more detailed investigations.

In order to identify a suitable set of process parameters, shear
tensile tests of the adhesive-bonded, RFSSW and spot weld-

bonded joints were used and compared with both previously
selected process parameters (see Fig. 9). The load was applied
in the lowest shear layer or the critical shear layer with regard to
the weld connection. In principle, a suitable joint formation was
also possible without an additional squeeze-out phase (see test
loads). The parameter set with a reduced welding depth (0_5)
showed a lower spot strength (b and d vs. c and e) compared
with the parameter set with a welding depth increased by
0.3 mm (0_6). However, parameter set 0_5 led to reduced ad-
hesive damage and thus to a higher test load of the spot weld-
bonded and cured specimens (f vs. g).
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5.2 Resistance spot welding of four-sheet Al joints

In resistance spot welding of the four-sheet connection, the
gap development is not regarded as a challenge, but rather a
uniform bonding of all involved joining partners by an appro-
priately shaped welding nugget. In a first step, an arrangement
study was carried out while retaining the process parameters
and evaluating the welding nugget sizes in each shear layer
(see Fig. 10). The arrangement variants were classified

according to thickness, alloy type and Si content. Each variant
was evaluated with both anode- and cathode-side orientation
with two repetitions. Depending on the arrangement, either
the hourglass-shaped (alloy type) or the oval (thickness, Si
content) welding nugget formation was noticeable. In addi-
tion, it becomes clear that the 5XXXer alloy shows a signifi-
cantly higher nugget growth, especially when arranged on the
anode side, than the 6XXXer alloys used. By evaluating the
respective nominal and actual nugget diameters related to the
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shear plane, it was possible to identify the arrangement with
the optimum interface to each joining partner. As a result, in
the arrangement by alloy type with anode-side orientation of
the 6XXX alloy, the welding nuggets in all layers were bigger
than 130% of the nominal nugget diameter (see green frame).
In comparison, a nugget that was 19% too small was measured
in the lowest shear plane in the arrangement with the thinnest
part on the anode side (see red frame).

Further investigations with adhesive showed that a repro-
ducible and high-strength connection could be achieved by
extending the holding time to 1000 ms. Maximum welding
currents of 34 kA were sufficient to achieve the required 5x
root(t) in all shear planes considered. The reduced adhesive
surface was similarly small in all sheet metal planes with
approx. 250–320 mm2.

6 Conclusion

In this work, refill friction stir spot welding and resistance spot
welding were considered for a two-sheet joint with a total sheet
thickness of 5.8 mm and a four-sheet combination with a total
sheet thickness of 9.3 mm with and without additional struc-
tural adhesive. First, the specific characteristics were present-
ed, and afterwards, the procedures for determining suitable
process parameters and boundary conditions were discussed.
Both sheet metal combinations with and without adhesive
could be joined reproducibly and with high strength using both
processes. The influence of the adhesive on the joint formation

of the welding spots and the influence of the thermal joining
process on the adhesive joint were examined. In RFSSW, a
displacement phase in the conventional joining process (two-
sheet combination) was necessary for a reliable joining/
displacing of the adhesive from the joining zone, whereas in
resistance spot welding, a good initial contacting of the joining
partners and thus a good joint characteristic could be achieved
by extending the preholding time. Thus, fixing strengths of the
joint spots (determined by uncured shear tensile tests) of great-
er than 5.3 kN and strengths of the cured spot weld-bonded
joint in the range of the pure adhesive joint of 25 kN could be
achieved. Compared with resistance spot welding, RFSSW
showed a bigger influence on the adhesive bond with regard
to displacement or damage and also with regard to the resulting
load-bearing capacity, but it can still be seen as an alternative
process, not least due to the very flexible joint creation.

Investigations of the lifetime of RFSSW tools and the elec-
trode caps are still pending. Within the scope of an industrial
application, it would be necessary to decide individually
which of the two robot-compatible joining processes has the
greatest potential for use by taking the cycle times, the re-
quired joining properties and the lifetime of the tools respec-
tively electrode caps into account.
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