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A bstract: This paper presents research regarding refill friction stir spot welding (RFSSW) of EN AW-7075-T6 Alclad aluminium
alloy sheets, and the joint behaviour under static and dynamic loads. Single-point lap joint of sheets with different thicknesses,
which corresponds to those used in aircraft fuselage structures, i.e. upper sheets with a thickness of 1.6 mm and lower sheets with
a thickness of 0.8 mm, were analysed regarding the failure mechanism in static shear testing. It has been shown that a properly
made joint is destroyed as a result of tension in the lower plate. The lower plate at the edge of the weld is structurally weakened
by the HAZ, but also geometrically due to plastic deformation during the welding process, which has been demonstrated by
metallographic investigations as well as by the FEM numerical model. Single-row RFSSW welded joints with different spacing of
the welds and a riveted joint were impact tested. It has been shown that welded joints are characterized by a greater stiffness,
which is higher when the spacing of the welds is smaller.
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Streszczenie: Praca przedstawia badania potaczenia zaktadkowego RFSSW blach ze stopu aluminium EN AW-7075-T6
Alclad pod wptywem obcigzen statycznych oraz dynamicznych. Jednopunktowe potgczenie zaktadkowe blach o réznej grubosci
co odpowiada potgczeniom stosowanym w konstrukcjach kadtubéw lotniczych tj. gérna blacha o grubosci 1.6 mm oraz dolna
blacha o grubosci 0.8 mm, poddano analizie mechanizmu zniszczenia w prébie statycznego $cinania. Wykazano, ze poprawnie
wykonane potgczenie ulega zniszczeniu na skutek rozciggania dolnej blachy. Dolna blacha przy krawedzi zgrzeiny jest ostabiona
strukturalnie przez strefe wplywu ciepta, ale takze geometrycznie poprzez deformacje plastyczng powstatg podczas procesu
zgrzewania, co wykazano na podstawie badan metalograficznych jak réwniez przy uzyciu modelu numerycznego MES.
Jednorzedowe potaczenia zaktadkowe poddano badaniom udarno$ci. Badano potaczenia zgrzewane RFSSW o ré6znym rozstawie
zgrzein oraz potgczenie nitowane. Wykazano, ze potgczenia zgrzewane charakteryzujg sie wiekszg sztywnosciag, ktéra jest tym
wieksza im mniejszy rozstaw zgrzein.

Stowa kluczowe: zgrzewanie RFSSW, pokrycia kadtubdw lotniczych, badania dynamiczne z uzyciem mtota opadowego,
MES, odporno$¢ na uderzenia

Introduction

A relatively new technology for joining construction
materials, especially unweldable metals, is the friction
stir welding method. Refill Friction Stir Spot Welding
(RFSSW) is a derivative of this process and combines
many advantages, so it may soon become an alternative
to traditional joining methods.

One of the areas of industry where the RFSSW
welding method can be widely used is the aviation
industry. In this industry, there is a great demand for
technologies ensuring structural joints with high strength,
which could be used for the construction of thin-walled
stiffened structures.
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Despite the undisputed advantages of the RFSSW
technology over riveting, this technology, being
relatively new, is not yet fully understood. Controlling the
parameters of the welding process means that there are
many combinations of parameters which translate into
different conditions and, consequently, different quality
levels of the joint in terms of strength and structure.
As part of the research carried out by the authors of
this work, parameters of the welding process were
selected to ensure a high load-bearing capacity and the
required quality of the joint structure in the variant under
consideration, as presented in the works [10, 11].

Loads of static forces and cyclically repeating variable
loads causing fatigue are the basic, but incomplete
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spectrum of operational loads of stiffened thin-walled
structures, used, among others, in aircraft construction.
An important issue that should be considered in the tests
of this type of structure is damage due to random events
causing dynamic loads.

Aviation structures can be exposed to many dynamic
impact events. Basically, in civil aviation, such events can
be divided into two groups. The first is the collision of an
aircraft with a foreign object during the flight [17]. These
are mainly the impacts of ice blocks during hail [8, 9],
as well as collisions with birds [4, 19]. These types of
damage to aircraft structures are generally associated
with a high impact velocity and a relatively low mass of
the object.

However, most damage of aircraft structures as
a result of random foreign object strikes in civil aircraft
occurs primarily in ground handling [6]. Then, accidental
impacts occur during loading or unloading, and this is the
most common form of damage to the structural elements
of an aircraft [6]. Dynamic impacts of aircraft skins during
maintenance are also common. Finally, there are cases
of collisions with objects, e.g. during taxiing [3].

Ground damage cases caused by dynamic impacts
are characterized by a relatively low impact speed, as
well as a significant mass of the objects defined as
foreign bodies. The authors of the studies [5, 14, 16]
defined the speed range for collisions classified as low
speed in the range of 1-10 m/s. In practice, however, the
impact speed are usually around 2 m/s [4]. Therefore,
when carrying out experimental research or modelling
phenomena occurring in the considered events, they
are considered as quasi-static phenomena [3, 4]. With
low-speed impacts, the contact between the object and
the structure is so long that the entire structure carries
a dynamic load, similar to a static load [1, 15].

Charpy and Izod tests as well as drop weight tests
are commonly used for impact testing with low impact
velocities [16]. In the case of impact strength tests of
aircraft structures, the last of the mentioned methods
most precisely reflects the conditions of real random
events related to dynamic loading of the structure [2, 13].

This paper presents the results of tests of RFSSW
joints subjected to static shear tests. The failure
mechanism was analysed based on metallographic
investigations. Modelling of the welding process using the
FEM method was also performed in order to theoretically
determine the mechanical phenomena occurring during
joining the sheets. In the next step, comparative tests
of single-row RFSSW lap joints and riveted joints
subjected to the impact bending test were carried out.
Since the considered joint is being analysed in terms of
the possibility of using it as an alternative form of joining
of thin-walled structures, where rivets are commonly
used, therefore, comparative tests were carried out. The
comparative tests were carried out for single-row lap
joints typically found in thin-walled aircraft structures. The
drop weight impact test was carried out. The justification
for conducting such tests is the exposure of thin-walled
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structures to various types of random events that may be
associated with a dynamic impact on the structure.

Materials and method

The tests were carried out for overlap joints of sheets
with different thicknesses, corresponding to the stringer
and the skin, based on the example of a thin-walled
aircraft structure. It was assumed that both elements
would be made of EN AW-7075-T6 aluminium alloy. This
alloy is characterized by a high static and fatigue strength
[11]. It is difficult to deform the material plastically as the
yield point is close to the tensile strength [11]. Moreover,
the material is difficult to weld and has a relatively low
corrosion resistance [11]. The basic feature, which is
a high strength while maintaining a low weight, makes
this material widely used in the construction of aircraft
structures. Due to the relatively high susceptibility
to intercrystalline corrosion, the sheets used in the
construction of thin-walled aircraft structures are usually
clad, i.e. covered with a thin (about 5% of the thickness
of the parent material) layer of technical aluminium, i.e.
almost pure aluminium, in the hot rolling process. Fig. 1
shows a microscopic view of a 1.6 mm thick sheet with
the visible clad layer.
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Fig. 1. Microscopic view of the sheet used in the tests with
a visible layer of the alclad

For the sheets used, the mechanical properties were
determined in static tensile tests according to EN ISO
6892-1: 2016 [7]. The tests were made for three different
directions in relation to the rolling direction of the sheet,
i.,e. 0 °, 45 ° and 90 °. Five repetitions were performed
for each of the directions. Table 1 summarizes the values
of the basic parameters determining the mechanical
properties of the material used.

Single-point lap joints with the dimensions shown in
Fig. 2 were subjected to static tests. The welded joints
were made with the use of a special machine for RFSSW
spot welding, i.e. RPS100 VA11 by Harms & Wende
GmbH & Co KG (Hamburg, Germany). The samples
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Table 1. Basic mechanical properties of 7075-T6 aluminium alloy sheets

Parameter Young's modulus E Yield stress Rp0.2, Ultimate tensile strength Rm,
MPa MPa MPa
Value 70316 463 530
Lower sheet
120 thickness: 0.8
F F
1
f B
30
Upper sheet 120
thickness: 1.6
F : F
- ; 4 —

Spot weld J

Fig. 2. Shape and dimensions (in mm) of the welding specimens

used in the tests were made using the following welding  between sheets to reflect the properties of the Alclad. The
parameters: tool rotational speed n = 2400 rpm, sleeve thickness of the Alclad layer in the numerical model was

plunge depth g = 1.55 mm and welding time t = 3.5 s. equal sum of the Alclad layers on both upper and lower
The tests of static strength were carried out at room  sheets.

temperature on a Zwick / Roell Z100 testing machine, the The sheets and Alclad were modelled with 2D ele-

jaw feed rate was 5 mm/min. ments, destined for analysis of 2D axisymmetric problems,

Microstructure and fracture morphologies of selected  called Quad (10) in Simufact Forming terminology [18].
specimens were analysed using a Phenom ProX Rigid tools were modelled with quad elements called
(Phenom-World B.V., Eindhoven, Netherlands) variable  Quad (40) [18]. The initial mesh (Fig. 3) has been
pressure scanning electron microscope (SEM). generated using Advanced Front Quad mesher. During

The numerical simulation model of the RFSSW
process has been conducted using the Simufact Forming
software (Simufact Engineering Gmbh, Hamburg,
Germany). Due to the symmetrical nature of the process,
a 2D axisymmetric simulation was performed.

In FE-based simulations of the welding process,
a number of simplifications of the numerical model have
been adopted in relation to the real conditions. Individual
elements of the tool, i.e. pin, sleeve and clamping ring
in the FE model were adopted as cylindrical bodies with
smooth surfaces. So, characteristic grooves made on the
outer surfaces of the pin and sleeve were omitted. Due to
the relatively small plunge depths of pin and sleeve, these
grooves do not significantly affect the welding process
conditions in the case of joining thin sheets. The sleeve,
pin and clamping ring were all considered as rigid bodies.
It is well known that the Alclad layers have a significant
effect on the heat distribution during the welding process
due to the significantly higher thermal conductivity of the
Alclad material in relation to the material of base plate.
Therefore, the model consists in an intermediate layer

Pin
Sleeve
Clamping ring

—Upper sheet

/

Alclad

Lower sheet
Bracking anvil

Fig. 3. Finite element mesh of 2D model
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Fig. 4. Drop weight test stand

the simulation of the RFSSW process, the initial mesh
gets distorted due to the large displacement and does not
fit the required mesh quality anymore. Excessive mesh
distortion of the FE-based model leads to divergence
problems. To avoid too much distortion of the mesh
elements, an automatic remeshing that automatically
regenerates the mesh was used and the simulation is

i

Impactor

— Specimen

continued using the new mesh. The sheets and Alclad
models were composed of 3474 elements Rigid bodies
consists of 4549 elements.

Impact tests were carried out using a drop weight
testing machine. The complete test stand with the test
sample is shown in Fig. 4. The element causing the
dynamic load by gravity is composed of a drop weight
with a mass of 27 kg and an impactor with a mass of 8.81
kg, which gives a total mass of 35.81 kg.

Tests of single-row lap joints were carried out for
RFSSW welded joints with different spacing of welds,
as well as for riveted joints. The riveted specimens were
made with anodized, roll-formed aviation rivets with
a mushroom head 3 mm in diameter, made of PA24
aluminium alloy.

Fig. 5 shows the geometry and dimensions as well as
the method of supporting the samples of single row joints
used in dynamic tests.

In the dynamic load test, the measurements of
geometric quantities characterizing the degree of sample
deformation were made. The presented configuration of
the load is a classic three-point bending, therefore the
values of the deflection of the sample were measured.
The plastic deflection was determined after the test, while
the elastic deflection had to be recorded at the moment
the hammer hit the sample. Thus, the registration of the
elastic deflection was made by placing plastic masses
directly under the sample, which fixed the value of this
deflection.
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3D specimen view:

Fig. 5. Dimensions and configuration of the support and loading of the specimen during the impact test
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A rivet spacing of 23.5 mm was used, as this value is
used in typical thin-walled aircraft structures. In the case
of welded joints, two different spacings were used. In the
first case, the principle of spacing between the edges
of the joints was followed, while maintaining the same
dimensions between the edges for welded joints as in the
case of riveted joints, which are schematically shown in
Fig. 6. Thus, a spacing of 29.5 mm was used. Due to the
larger surface area of the welded joint compared to the
rivet, the welded samples with a spacing of 50% greater,
i.e. 44.25 mm, were additionally tested.

— Rivet: @3

p=235 f [ Weld: @9

Fig. 6. The diagram illustrating the selection of the basic spac-
ing of welds based on the spacing of rivets

Results

Fig. 7 shows a representative curve obtained in
a static shear test for the joined samples considered.
It was shown that in case of the welding process
parameters used, the failure of the joint was achieved by
tension of the lower sheet, while the crack was initiated at
the perimeter of the weld in the heat-affected zone (HAZ)
(Fig. 8).

The mean value of the load capacity for the five
repetitions carried out is 5.78 kN (SD: 47.20 N). The
demonstrated method of sample destruction proves the
high strength of the joint itself, which was not sheared.
The crack in the sheet in tension is not the result of the
load reaching the Rm value of the material used. Directly
at the weld, due to thermo-mechanical phenomena, the
sheet was locally weakened, assuming lower strength
parameters than the parent material in the T6 state.
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Fig. 7. Representative curve Force-Displacement obtained in
a static shear test for single-lap joints
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Fig. 8. View of the lower sheet with a visible crack due to ten-
sile stress at the perimeter of the weld

It was observed that the lower sheet was deflected
before it cracked due to the bending moment. The failure
mechanism of the joint in question is strictly dependent
on the configuration of the sheets to be joined. As the
sheets have different thicknesses, hence a significant
difference in their stiffness leads to an asymmetric state
of stresses when loading the lap with an axial force. Fig. 9
shows the stresses that arise in the joint during its loading
with uniaxial force.

Compression -

F
—

Upper sheet

Fig. 9. Stresses in the lap joint caused by uniaxial tensile force

When the critical stress value is exceeded, the bottom
plate cracks at the perimeter of the weld. Based on the
metallographic analysis, it was shown that in the joint
forming process, plastic deformation of the lower sheet
occurs caused by the material pressed through the sleeve
at the end of the process (Fig. 10). This phenomenon was
confirmed on the basis of the FEM numerical model. Figs.
11a, b show the final stage of the simulation of the joint
creation, indicating the phenomena taking place in the
material on the basis of the accumulated plastic strain
(Fig. 11a) and also the displacement vector (Fig. 11b).
This deformation along the periphery of the weld leads
to a reduction in the cross-sectional area of the lower
plate, which in turn results in cracking at that location.
Additionally, in the place where the cracking of the sheet
was found, the material was weakened by the influence of
the heat-affected zone. Regarding the fracture, a typical
separation ductile fracture was observed, which is due
both to the direction of the fracture (fracture at an angle of
about 45°) and the nature of the fracture surface shown
in the SEM image - Fig. 12.
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Fig. 10. Macroscopic image of the weld corner with visible de-
formation of the lower sheet and with the direction of cracking
marked

In the tests, the assumed impact energy was 26.3 J,
which corresponds to the hammer height of 75 mm. As
a result, an impact velocity of 1.33 m/s was obtained.
After the impact, the plastic and elastic deflections at the
moment of impact were measured. Table 2 summarizes
the average values of the measured values for individual
variants.

Each of the joint points was also verified, assessing
whether they were damaged or not. Fig. 13 shows
samples for each variant. In the case of samples welded
in both considered spacings, the welds were coherent
(Figs. 13b, c). In the case of the riveted joint (Fig. 13a),
the two extreme rivets were sheared. The microscopic
images (Fig. 14) clearly show that there was a relative
shift of the sheets due to the bending of the overlap, and
thus the rivets were sheared in the plane of the sheet
connection.

Accumulated plastic strain
859
7.73
6.87
6.01
5.15
4.29
344
288
1.72
0.86
£.00
max: 8.59
min: -0.00

FSWeldingFe2D - Results

Displacement vector [mm)]
LSS ///

; . 72
//’//////////// /
7
)

=
=

FSWeldingFe2D - Results -

SWWH
Lowarsnees

Fig. 11. View of the deformation in the weld zone at 98.26% of the RFSSW cycle: a) accumulated plastic strain, b) displacement

vector (mm)
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Fig.12. SEM micrograph showing the fracture surface morphol-
ogy of lower sheet

a)

b)

©)

Based on the test results, it has been shown that
the RFSSW joint is more rigid than the rivet joint. This is
influenced by various factors. The lower stiffness of the
riveted joint is due to the holes in the sheets, in addition,
the total area of the joint is greater in the case of welded
variants (rivet diameter is 3 mm, weld diameter - 9 mm).
It should also be noted that in the presented tests, the
extreme rivets sheared, which also had an impact on the
reduction of joint stiffness. It has also been shown that
the stiffness of the welded joint is higher for a smaller
spacing of the welds.

Fig. 15 shows SEM images of the chamfer surface of
rivet 1 (Fig. 15a). In a small fracture area at the edge of
the rivet, a brittle fracture can be observed, as shown by
the SEM images shown in Figs. 15b, c. The area where
brittle fracture occurs is at the edge at which the fracture
initiated under dynamic loading. However, the dominant
form of failure in the dynamic bending test was plastic

Fig.13. Lap joints of flat sheets after impact tests: a) riveted joint with a spacing of 23.5 mm, b) joint made with the RFSSW technol-
ogy with a weld spacing of 29.5 mm, c) joint made with the RFSSW technology with a spacing of 44.25 mm
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Table 2. Results of measurements of deflection under the influence of dynamic impact of lap samples

Lp. Specimen variant Impact energy  Impact velocity Pla_nstic Plastic:+elastic
J m/s deflection [mm] deflection [mm]
1 Riveted joint with a spacing of 23.5 mm 26.3 1.33 12.9 13.6
2 Welded joint with a spacing of 29.5 mm 26.3 1.33 9.4 10.9
3 Riveted joint with a spacing of 44.25 mm 26.3 1.33 9.7 11.3

~

5

Fig. 14. Macroscopic images of the sheared surfaces of the rivets showing the relative displacement of the joined sheets

cracking that occurs on the remainder of the surface. In
the central region of the fracture of the rivet, dimples of
different sizes were shown, which are typical for ductile
fracture (Figs. 15d, e). From the views of the fracture,
typical ductile cracking can be observed, characterized

by the formation of pits, i.e. pits and craters. It is the
effect of material flow, the phenomenon of cracking
took place here by nucleation and growth of voids. In
the area marked by points f and g in Fig. 15a, a plastic
breakthrough is primarily shown (Figs. 15f, g).
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Fig. 15. Fracture surface of sheared rivet: a) macrograph of whole surface; b) - g) SEM micrographs showing the fracture surface
morphology of characteristic areas

Conclusions

One of the objectives of the research presented in the
paper was to experimentally determine the mechanism of
failure of lap joints made by the RFSSW method in the
static shear test. It has been shown that a correctly created
joint of sheets made of the EN AW-7075-T6 Alclad alloy
with thicknesses corresponding to the stringer (thickness
1.6 mm) and the skin sheet (0.8 mm) is fractured in the
static shear test as a result of tensile stress of the thinner
sheet. This is due to the weakening of the material in the
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HAZ, but also the deformation occurring during welding,
which leads to a reduction in the cross-section of the
sheet, which was demonstrated on the basis of the joint
macrostructure and the FEM numerical model. Before
failure, the lower sheet undergoes plastic deflection due
to the bending moment resulting from the joint geometry
used.
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