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Abstract

In the aerospace industry there is a constant search for lighter, more resistant and economically
beneficial solutions. To that effect, as an alternative to the more common joining techniques, such as
riveting or screwing, an innovative welding technique, Friction Stir Welding (FSW) emerged. This
technique allows the manufacture of high-quality joints, with complex geometry, reducing both the
costs inherent to the production and those resultant from the energy needs of the components in which
it is incorporated. However, in FSW welds, it is generally necessary to use complex tools, suitable
for each type of application and material, and the need for a detailed analysis of the mechanical
performance. One of the main objectives of this thesis is the production and study of overlap
FSW joints, increasing the knowledge about this complex technology to facilitate its introduction in
aeronautical structures. This technique can be further improved if combined with adhesive application,
forming hybrid joints, which exhibit better mechanical performance. In this work the joints are
also studied via a finite element modeling analysis. A disadvantage when compared to other joining
methods is the impossibility of inspecting the quality of the joint during the manufacturing process
and work-life of the joint. Consequently, in this work the application of Bragg sensors that allow the
monitoring of deformations at both moments is studied. This thesis aims to demonstrate the potential
of a large-scale application of this technique in the aeronautical structures of the near future.
Keywords: Friction stir welding, Hybrid joining technique, Bragg fibers, Finite element welded joints
mechanical behavior modeling

1. Introduction
In the aerospace industry, climate change
prevention measures along with several economic
benefits, push the designs into an higher energy
efficiency level. Therefore, weight reduction in the
designs is one of the top priorities. The aerospace
world is highly regulated, constant certifications
and validation processes of new used methods
employed in structures are required.

Friction stir weldbonding (FSW) is an
innovative alternative process that aims to unite
the advantages of both friction stir welding and
adhesive bonding. This hybrid method should be
able to withstand continuous applied loads,
providing the structures with high fatigue life and
good static characteristics in several
environmental conditions. It is also useful to
monitor the stress/strain distributions during the
design and service phases to produce stronger and
trustworthy joints.

FS Welbonding is a relatively new method and
the impact of the technology replacement has not
been exhaustively treated yet.

2. Background
Although the number of filled patents has begun to
stabilize, there has been an exponential growth in
FSW applications in the last 20 years [1], Figure 1.

Figure 1: Qualitative evolution of the patents and
papers published on FSW, adapted from [1].

The process has applications in multiple
domains such as ship, train, automotive and
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aerospace industries but its usage has spread to
other domains due to its ability to change, repair
or improve material properties. Although it is
mainly employed in aluminum structures it can be
utilized with magnesium and even some
composites. More concrete applications of FSW
are the the Delta II rocket, produced by Boeing in
1999, the Eclipse 500 aircraft, in 2002, and the
Legacy 450 and 500 aircraft in 2012.

A way to classify a joint quality is through its
efficiency, which is the ratio between the ultimate
tensile strength of the welded joint and the ultimate
tensile strength of base material:

Efficiency(%) =
σUTSFSW

σUTSBM

(1)

In [2] AA6082-T6 FSW joints are reported to
reach efficiencies of 60%.

2.1. Process description

In this method a non-consumable cylindrical tool
composed of a shoulder and a customizable pin is
inserted while in rotation into the pieces to be
welded and transverses along the weld line. While
the shoulder provides heat to the material surfaces
to be welded, the pin is mixing the materials to be
joined. The combination of tool rotation and
translation leads to movement of material from
the front of the pin to the back resulting in the
continuous formation of the joint [3]. After
welding, the tool is extracted from the plate
leaving behind a characteristic keyhole, Figure 2.

Figure 2: Schematic of a butt-joint weld and
correspondent keyhole cross-section.

On account of the plastic deformation caused
and heating applied, which for aluminum alloys
causes temperatures between 400 and 480oC [4],
the material undergoes a complex recrystallization
process which leads to a modified metallographic
structure in the joint cross-section.

The resultant material can be subdivided into 4
zones, Figure 3, with different physical and
mechanical properties, base material (BM), heat
affected zone (HAZ), thermo-mechanically affected
zone (TMAZ) and weld nugget or stir zone
(WN/SZ), [5, 6].

Figure 3: Resulting weld zones from FSW drawn on
microscopic analysis image.

It is possible to perform a wide variety of joint
geometries but in this thesis the main focus will be
on overlap joints, which enable the hybridization
process.

2.2. Process parameters
To define the optimal parameters for the single
pass weld to be produced in this thesis, an
investigation into this matter was developed. The
parameters such as geometry of tool, joint design
and welding velocities have major influence on
heat distribution, material flow pattern and
consequently on the created structures, affecting
the quality of welded joints. The welding
parameters in this work were seleceted according
to what was studied in optimization processes in
[7] and [3]. As for the tool, a threaded pin and a
grooved shoulder should be used to reduce the
tendency of formation of hollow failures along the
weld line [5], Figure 4.

Figure 4: Schematical preview of standard tool.

2.3. Process mechanical characterization
Several studies were already carried out to better
understand the physics behind the process. Two of
the main behavioral aspects that should be
understood are the material flow and temperature
distribution. In [3] it was determined that in the
adhesive covered zone of hybrid joints the
temperature remains under 250oC, a value much
lower than the 357oC which is the degrading value
of the Araldite 420 A/B, the adhesive used in this
work.
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In [8] an in-depth study of the unavoidable
residual stresses left in the specimens after welding
was preformed and the maximum stress values
occurred around the HAZ and TMAZ. Higher
clamping forces can lead to a reduction of such
stresses [8].

Moreira et al. [9] carried out lap shear strength
tests on AA6082-T6 FSW joints and a mechanical
efficiency of 68.5 % was achieved. Several fatigue
tests were already preformed in other works. In
Infante et al. [10] the fatigue strength of lap joints
was determined to be lower than the one presented
by butt joints which in its turn was lower than the
base material value, as expected.

2.4. Adhesive bonding and hybrid technologies

Since in this work the objective was to develop
hybrid joints, a basic understanding of adhesive
technologies is necessary. Adhesive bonding
presents a more uniform stress distribution, which
promotes greater rigidity and load transfer,
improved fatigue strength and vibrations damping
[11]. However, this method presents sensitivity to
environmental attack and physico-chemical
conditions of the substrates.

That is why a combination with FSW, which
merges the upsides of both techniques is beneficial,
forming an hybrid technology.

Very little investigation has been carried out in
this innovative subject but in [3] a detailed study
was performed on hybrid FSW lap joints of
AA6082-T6 using the Araldite 420 A/B adhesive.
In lap shear tests, hybrid joints presented higher
strength in relation to FSW-only ones, and
slightly lower strength than adhesive joints.

2.5. Bragg sensors

Bragg fibers enable real time measurements of
internal strain. These sensors act like filters
reflecting back a specific wavelength of light when
exposed to a broad specter light source. This
wavelength, λB , is later converted into
microstrain, mε. The relation between strain
variation, ∆ε, and wavelength variation, ∆λB , is
expressed as [11]:

∆λB = λB(
1

Λ

∂Λ

∂ε
+

1

n0

∂n0
∂ε

)∆ε = λB(1 − pe)∆ε

(2)

Where pe is the fiber’s photoelastic coefficient
and n0 the effective refraction index of the fiber’s
nucleus.

Nowadays these sensors are present in a wide
range of applications from the aerospace to the
civil or even energy area.

The integration of these sensors in the hybrid
FSW process is a complete innovation and should

help open doors to the implementation of this
technology in the industry.

3. Process development
Firstly, a series of simple overlap joints with
different tool force parameter settings were
developed and studied to have a strong procedural
basis and material propriety knowledge to
posteriorly develop the smart joints. As for the
basic materials, the adhesive chosen was Araldite
420 A/B and the aluminum the AA6082-T6. The
material choice reclined on this type of aluminum
due to its low cost, high availability, having
properties suitable for aerospace applications and
good weld ability. The adhesive is a room
temperature curing paste adhesive of high strength
and toughness, suitable for a big variety of metals
and resistant to high temperatures.

Besides the degreasing and sanding treatments
the plates were also subjected to a chemical
treatment by exposure to 3MTMAC-130, an
high-performance sol-gel surface preparation for a
series of materials including aluminum alloys.

3.1. Single lap joints manufacturing
3.1.1 Joint geometry

For the first stage of studies, joints with two
different overlap areas were manufactured, 20 mm
and 40 mm, Figure 5.

Figure 5: Hybrid overlap joints cross section: a) 20 mm
overlap; b) 40 mm overlap.

3.1.2 Experimental procedure

First of all, the surfaces were sanded to increase
their roughness, and remove the weak oxide layer.
The surface is then cleaned with acetone, and then
the AC-130 is applied on the surface for a minute.
At this stage the plates are ready to be positioned
in the welding fixation system. The welds were
performed with a dedicated FSW ESAB R©Legio
3UL numerical control machine.

Strong horizontal and vertical clamping forces
are fundamental in the fixation system not only to
prevent distortion and undesired movement of the
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plates but also to reduce the magnitude of residual
stresses. Once the aluminum sheets were in place,
the two part adhesive was applied with a nozzle
mixer on the bottom plate already fixed in the
system.

To prevent adhesive quality decrease, the FSW
process should be performed immediately
following the adhesive application. The set of
parameters which enabled production of reliable
joints is presented in Table 1.

Parameter Value
FSW control Vertical force
Rotation direction CW
Plunge Speed 0.1 mm/s
Dwell time 5 s
Tilt angle 0o

Welding speed 200 mm/min
Rotational speed 1000 RPM
Downward force 400, 425, 450, 500, 550 kgf

Table 1: Parameters used on welding process.

All the produced SLJ joints are presented in
Table 2.

Joint tag
Plunging

force
[kgf]

Rotational
speed
[rpm]

Overlap
length
[mm]

FSW400 - 1 400 1000 40
FSW425 - 1 425 1000 20
FSW450 - 1 450 1000 40
FSW500 - 1 500 1000 40
FSW550 - 1 550 1000 40
Hyb400 - 1 400 1000 40
Hyb400 - 2 400 1000 40
Hyb425 - 1 425 1000 20
Hyb425 - 2 425 1000 40
Hyb450 - 1 450 1000 40
Hyb450 - 2 450 1000 40
Hyb450 - 3 450 1000 40
Hyb500 - 2 500 1000 40
Hyb550 - 2 550 1000 40

Table 2: Overlap joints produced.

Initially the machine is controlled via position
control, during the dwell and plunging time, and
then it is programmed to change into force control
to effectuate the welding.

Once welded, the curing period of the specimens
in order for the adhesive to achieve full strength was
between 1 and 2 weeks.

After the whole manufacturing process the
produced joints were cut into 20 mm wide
specimens accordingly to the ASTM D1002
standard, in a cutting wheel table, Figure 6.

Figure 6: Specimens cut according do ASTM D1002.

3.2. Microscopic analysis
The samples were cut and fitted into molds filled
with epoxy resin mixed with hardener. After a 12
hour curing of these specimens they underwent a
treatment that consisted on polishing the
aluminum with sandpaper of increasing grades and
using a 3 µm and 1 µm diamond compound
polishers. Finally the polished surface was
contrasted with reagent to better distinguish the
different material zones. The microscope used for
the posterior analysis was the LEICA DMS 300.

3.3. Microhardness tests
This test aids the mechanical and micro structural
characterization of the weld. The measurements
were done in the specimens along two different
lines that crossed the weld affected area with 0.3
mm distance separating each indentation. The
HMV micro hardness tester was the used machine,
applying a load of 0,2 HV (1,961 N) during 10
seconds in each indentation.

3.4. Tensile tests
To determine the mechanical properties of the
hybrid welds, such as yield strength, σ0, tensile
strength, σu, strain at rupture, εu, and Young
modulus, E, lap shear strength tests were
performed on the specimens using the
INSTRON R© 3369 with 50 kN maximum load. The
applied displacement rate was 1 mm/min.

3.5. Fatigue tests
Fatigue performance is a fundamental factor in
aircraft structures. The fatigue performance was
assessed by plotting the S-N curves. Although this
method does not indicate the exact moment of
crack formation it reveals the number of cycles
until failure under certain load conditions.

The study was carried out under quasi-static lap
shear tensile load conditions, with R = σmin

σmax
= 0.1

until failure or reaching the stoppage criteria,
N = 2 × 106cycles. The tests were performed in
the INSTRON R© 8874 machine.
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3.6. Smart joints manufacturing
Complex experimental joint geometries were
developed to enable the application of Bragg
sensors, Figures 7 and 8. Although the real life
welds might have different configurations, such as
aircraft longitudinal fuselage joints or skin-stringer
connections these geometries allow the Bragg
fibers to monitor the behavior of the joint.

Figure 7: Bigger smart joint plate technical drawing,
dimensions in [mm]

Figure 8: Smaller smart join technical drawing,
dimensions in [mm].

A fixation system model had to be developed to
fit the new piece dimensions in the welding table,
Figure 9. The Bragg fibers were fitted into the piece
by duck taping its edge, keeping it in a position 5
mm away from the weld pathway in the case of the
”HybBragg450 - 1” and 15 mm from the weld center
line in the ”HybBragg450 - 2”. In the latter case
a 1 mm diameter channel was machinated into the
specimens to better fit the fiber. Only after the
placement of the fiber was the adhesive applied and
the following joints produced.

Figure 9: Hybrid joints fixation system design.

The welded smart joints are presented in Table 3.

Joint tag
Plunging

force
[kgf]

Rot.
speed
[rpm]

Overlap
length
[mm]

HybBragg450 - 1 450 1000 40
HybBragg450 - 2 450 1000 260

Table 3: Tested smart joints produced.

3.6.1 Bragg fibers measurements

To measure the strain in the specimen, the fibers
were connected to a machine that acted both as a
large wavelength light source and as an
interrogating unit, BraggMETERTM.

To process the data emitted back to the
interrogator, the machine was connected to a
laptop via the software, DynamicMONITOR. This
program allows real time monitoring of fiber
detected strain alterations.

4. Finite element modeling
Firstly, in parallel to what was done in the
laboratory, a model of the 40 mm overlap joints
was developed in Abaqus R©. A dynamic explicit
analysis was performed which is well suited to
simulate brief transient dynamic events.

A specific technique was implemented to model
the adhesive layer, cohesive zone modeling (CZM).
CMZ uses the relation between stresses and
displacements to simulate the elastic behavior and
the softening that leads to degradation until the
final failure. As for the aluminum component, its
elastic behavior depended on the Young’s modulus
and Poisson’s ratio and to simulate plasticity and
consequent fracture a ductile damage criteria
called void nucleation was used. It consists on
taking into account the effect of the increasing
porosity in the aluminum which gradually
deteriorates strength and stiffness of the material.

The adhesive properties were taken from what
was labeled by the manufacturer and the
aluminum different zones were analyzed and
discretized by DIC measurements in [3]. The
zones’ dimensional modeling depended on the
microscopic and microhardness studies performed,
Figure 10.

Figure 10: Different material zones in the finite elements
model.

The element type used for the adhesive was the
COH3D8, an 8-node three-dimensional cohesive
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element and for all the other Al components of the
joint the C3D8R, an 8-node linear brick. The final
mesh was composed by 17100 elements and 24752
nodes, 16325 linear hexahedral elements of type
C3D8R and 775 linear hexahedral elements of type
COH3D8.

For the two smart joint geometries produced and
studied, implicit simulations were performed. The
meshes were composed of the same type of elements
used in the overlap model.

5. Experimental results

5.1. Microstructural evolution

On the microscopic analysis performed different
material zones could be observed, Figure 11.

Figure 11: Overall macrostructure of AA6082-76 hybrid
overlap joints (400 kgf).

The macrostructures observed present a
significant defect called hook defect. This
phenomenon is a result of the upward flow of
material generated in the advancing side. Another
visible defect is the cold lap defect, that appears
on the retreating side and is a consequence of the
initial upward flow under sheering effect of the pin
followed by a downward flow to fill the space at
the bottom of the pin. These two effects were
smoothed with an increase in downward force.

5.2. Microhardness profiles

Microhardness evaluation was also performed on
the samples used in microscopic analysis, Figures
12 and 13.

The zones of lower hardness coincide with the
fracture surfaces in tensile tests. The measurements
also confirm that, in general, the upper region of the
cross section is the most affected by the welding
process since the overall hardness is lower. This is
due to the action of the shoulder which intensifies
the thermal cycle and increases the recrystallization
area of the grains into smaller nominal dimensions.

Figure 12: Microhardness curves of the ”Hyb450-1”
cross section.

Figure 13: Microhardness curves of the 400 kgf and 450
kgf specimens in the same relative position.

The hardness values of the 400 kgf downward
force weld tend to be slightly lower than the ones
for the 450 kgf which is another indication that
the former might have lower fracture strength.
This phenomena is explained in [9] by the loss of
the T6 condition, via the dissolution of the main
strengthening precipitate at high temperatures.
So, with an increase in the downward force and
consequently in the temperature, the hardness
values decrease.

5.3. Single lap shear tests

In the single lap shear tests performed, two failure
modes were observed, Figure 14. In mode I, the
fracture originates in the retreating side of the
weld, initiating in the cold lap defect and
propagating in parallel to the top surface in the
direction of the hook defect. In mode II, the
fracture originates in the hook defect and then
propagates perpendicularly to the top surface.
Generally, mode II occurred in welds produced
with lower downward forces than the ones in
which mode I was verified. These modes have a
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significant effect on the mechanical behavior
specially on the hybrid joints because when mode
I is present, the rotation of the overlap area is
accentuated and the peal force on the adhesive is
considerable. Since the adhesive is less resistant to
fracture due to peal forces, this mode degrades the
hybrid joints’ performance.

Figure 14: a) Mode I; b) Mode II.

5.3.1 FSW-only joints

For simplifying purposes, only one curve from each
configuration, which is consider to possess a
representative result, is presented, Figure 15.

Figure 15: Load-displacement comparison of the FSW
specimens.

The average values of maximum load,
displacement and Ultimate Tensile Strength
(UTS) were calculated for the different
configurations, Table 4.

Joint tag
Max.

load [kN]
Max.

disp. [mm]
UTS [MPa]

FSW400-1 7.21 1.88 144.2
FSW450-1 7.61 2.00 152.2
FSW500-1 8.84 2.35 176.8
FSW550-1 9.10 2.47 188.2

Table 4: Characteristics of the lap shear strength
tests of the FSW joints.

As observed in Figure 15 and Table 4, the increase
in downward force, is followed by an increase in joint
strength in a simple FSW joint.

The fracture in joints produced with 400, 450 and
500 kgf occurred in mode II whereas in the joint
produced with 550 kgf it was in mode I.

5.3.2 Hybrid joints

The same tests were carried out for the hybrid
joints, Figure 16 and Table 5.

Figure 16: Load-displacement comparison of the hybrid
specimens.

Joint tag
Max.

load [kN]
Max.

disp. [mm]
UTS [MPa]

Hyb400-1 10.63 2.1 212.6
Hyb450-1 12.22 3.15 244.4
Hyb500-1 11.64 2.66 232.8
Hyb550-1 11.15 1.99 223.0

Table 5: Characteristics of the lap shear strength
tests of the hybrid joints.

The fracture in the hybrid SLJ joints occurred
in mode II for lower downward shoulder forces
applied, 400-450 kgf, and with higher forces
500-550 kgf in mode I. The failure of the adhesive
was mostly cohesive. However, in the case of the
hybrid joints, the increment in force is not
followed by an improvement in joint performance.
Due to the high peal forces on the adhesive in the
joints produced with 500 and 550 kgf, the 450 kgf
joint is the one that presents better performance.

When comparing the UTS of the joints produced
with the base material is possible to obtain the joint
efficiency, Figure 17.

From the results of Figure 17 it is possible to
affirm that the hybridization process confers an
improvement between 20-30 in most cases. In the
case of the 550 kgf the improvement is less evident
and above that value the adhesive should lose even
more effectiveness in the joint.
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Figure 17: Efficiency values for each joint.

5.4. Fatigue tests
Hybrid and FSW specimens manufactured with a
450 kgf downward force were submitted to cyclic
loading to access the fatigue performance of such
joints, Figure 18.

Figure 18: S-N curves of hybrid and FSW-only joints
produced with a 450 kgf downward force.

The hybrid joint performs significantly better
than the FSW-only joints. The reason behind this
is that in the FSW-only joints the non welded
zones have a very significant effect on the overall
performance. The predominant failure mode in all
the specimens was mostly cohesive and with mode
II. In these tests the fracture always occurred on
the retreating side in the bottom plate.

5.5. Smart joint results
In the case of the more robust joint ”HybBragg450
- 1” the Bragg fiber measurements were minimal
due to the impossibility to apply enough load with
the equipment available to deform the overlap area.
The main conclusion to take from this joint was
that it is possible to integrate a working Bragg fiber
in a FSW hybrid joint. ”HybBragg450 - 2” was
therefore designed to register those readings in both
the welding process and in tensile tests. Note that
due to the Bragg fibers’ operating range limitations

(microstrain of 1250, absolute value), two portions
of the data had to be extrapolated by a 5th and a
3rd degree polynomials, Figure 19.

Figure 19: Bragg wavelength shift during the welding
process.

Figure 19 shows that as the welding tool
progresses in the direction the sensor the stresses
on that location initially increase and as the tool
pin is parallel to the fiber position the strain value
becomes null again, Figure 20. After this point the
strain value increases but this time around in the
opposite direction.

Figure 20: Welding process of the smaller smart joint.

The fibers’ readings in a posterior tensile test are
presented in Figure 21, along with the force applied
by the machine on the specimen.

Figure 21: Bragg fibers’ reading during tensile test.

The residual stresses caused by the welding
process on the specimen provoked a strain value
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on the fiber’s location outside of the sensors’
operating range. The tensile test neutralized these
stresses by applying force in the opposite
direction. With an applied load of about 17 kN
the sensors started to register the strain variations
again. As a result, a fully functional
self-monitoring joint could be produced.

6. Numerical Results
6.1. SLJ joints
In the tensile test computational simulation, the
failure location corresponded to what was observed
in the experimental tests, in the advancing side
boundary between the HAZ and TMAZ, Figure
22. Figures 23 and 24 show a comparison between
experimental and numerical results for the
FSW-only and hybrid case, respectively.

Figure 22: AbaqusR© Hybrid model: a) prior total
failure; b) failure location.

Figure 23: Stress vs strain results of both numerical and
experimental FSW results.

Figure 24: Stress vs strain results of both numerical and
experimental hybrid results.

In both cases, FSW and hybrid, the model
overestimated both ductility and yield stress. The
reason behind this should be a combination of the
experimental defects and variations of material
microstructure along the weld, surging large
anisotropies [3]. Another factor for the variations
were the residual stress resultant from the welding
process which were not taking into account in the
models.

Note that the FSW-only modulation presents a
worse approximation. This is a result of the
difficulty to modulate the FSW-only cross section.
Unlike the hybrid ones, this cross section was not
microscopically analyzed, neither its
microhardness profile was studied and as such, the
geometric modulation is only an approximation
and is not as precise as in the hybrid case.

6.2. Smart joints
The comparisons of the elastic behaviour of the
numerical and experimental specimens,
”HybBragg450 - 1” and the ”HybBragg450 - 2”,
are presented in Figures 25 and 26, respectively.

Figure 25: AbaqusR© ”HybBragg450 - 1”: Stress vs
Strain graphic of the numerical and experimental model.

Figure 26: AbaqusR© ”HybBragg450 - 2”: Stress vs
Strain graphic of the numerical and experimental model.

In both cases, although not as obvious due to
representation of only a portion of the elastic
behavior, a slight divergence in the stiffness values
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was observed. The reasons behind this are the
same as the ones presented before, and in this
specific case the continuous failure paths that can
not be easily modeled and are not taken into
account. These smart joints’ modulations
reinforced the idea that is possible to produce
reliable simulations of Friction Stir Welded
designs.

7. Conclusions

Firstly, hybrid joining with FSW revealed better
efficiency at different levels when compared to other
aluminum alloy joining techniques widely used in
the aerospace industry nowadays.

The microstructural evolution and microhardness
studies helped define the different weld zones which
were taken into account in all project phases, from
the FEM modeling to the Bragg fibers’ installation.
The microhardness observations also explained why
the joint failures were initiated in the defects in the
boundary between the TMAZ and the HAZ.

The FSW-only joints were proven to have lower
fracture strength and worse overall performance
when compared with the hybrid joints. In the
FSW-only welds, the performance increased
continuously with the increase in downward force.
However, in the hybrid ones, this increase in
performance was only verified from the 400 up
until the 450 kgf and then regressed from 450 to
550 kgf. The fatigue tests showed that the
continuous layer of adhesive would improve the
results of the joints under cyclic load conditions.
This is a consequence of the absence of stress
concentration points in this interlayer that filled
the non occupied space in the FSW-only joints.

One of the main achievements of this thesis was
to prove that Bragg sensors could be incorporated
in hybrid FSW welds. Structural integrity in
critical structures is essential so that it can resist
the possibly harsh external conditions of its
work-life. To increase the adoption of this
technique, new monitoring technologies
developments are essential.

All the previous results were studied against
finite element models of the produced specimens.
The results obtained for both FSW-only and
hybrid joint models were satisfactory, even though
they presented better results than the ones
obtained experimentally. It is possible to conclude
that reliable and well founded models of FSW
welds can be obtained.

The hybrid joints have been proved to be a valid
solution for the future to come in the industry as the
adhesive complements the limitations of the FSW,
enabling the production of lighter, more efficient,
innovative aerospace structures.
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