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Abstract: Friction stir welding (FSW) has been proposed as an alternative modern joining technology
and demonstrated important benefits for the manufacturing of efficient and lightweight aircraft
structures using high-strength aluminium alloys. These structures are required to be corrosion-
resistant and thus, it is necessary to use technologies such as surface treatments and sealants in their
manufacturing and assembly. In this work, the feasibility of combining innovative Cr-free surface
treatments, sealants and FSW technology was investigated with the focus on the durability of the
joints in fatigue. FSW lap joints were produced using AA2099-T83 extrusions and AA2060-T8E30
sheets in the as-received or surface-treated condition. A sealant was also applied in some cases at the
overlapping interface before the FSW process. Static tensile tests and fatigue tests were carried out
applying hoop-stress loading conditions. Different fracture modes were identified depending on the
stress levels applied in the fatigue tests: High stress levels resulted in fractures in the HAZ of the
FSW joints, while the specimens tested at low stress levels showed fractures out of the FSW joint. In
general, FSW joints produced using surface-treated aluminium components and sealant presented
improved fatigue life and extended durability in comparison with non-treated aluminium joints. The
surface treatments and sealant at the interface of AA2099-T83 extrusions and AA2060-T8E30 sheets
reduced the friction and local damage produced due to the sliding movement during the fatigue
tests, minimizing the fretting fatigue effect, which was found to be the main limiting factor on the
durability and fatigue life of the FSW joints.

Keywords: friction stir welding; lap joint; surface treatment; sealant; hoop stress; fretting fatigue;
Al-Li alloys

1. Introduction

Aircraft structures are usually manufactured using high-strength aluminium alloys,
such as 2xxx and 7xxx series, due to their good mechanical performance: low density,
high stiffness, corrosion resistance, fracture toughness and fatigue growth resistance [1].
However, the difficulties in welding these alloys by conventional fusion welding processes
has limited the possibilities for an efficient manufacturing, opening a new research field
for the use of alternative joining technologies based on solid-state processes. One of the
most recognized solid-state joining processes for high-strength aluminium alloys is friction
stir welding (FSW) [2–5]. FSW has been successfully used as an alternative to riveting in
aircraft structural components for joining precipitation-hardening aluminium alloys such
as 2024-T3 [6], 7075-T6 [7] and even dissimilar joining 2024-T3 to 7075-T6 alloys [8].

Another important issue to be considered for the design and manufacturing of aircraft
structures such as fuselage panels is the corrosion resistance, since this is essential for a
long-term operational capability. In order to achieve this using aluminium alloys, a great
variety of corrosion protection methods exist, such as surface treatments and sealants. For
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the adequate selection of these protection methods, it is important to consider the oper-
ational considerations, societal concerns and REACH regulations [9], which are creating
a growing demand for the development of new effective and environmentally friendly
surface treatment technologies. In addition to this, there is a continuous need to reduce the
environmental footprint of the manufacturing technologies, as established in the ACARE
targets [10]. Thus, the materials employed in the manufacturing of current and future
aircraft structures need to become more resistant to corrosion and, at the same time, more
eco-compliant to achieve an environmentally friendly life cycle [11]. This implies a signifi-
cant decrease in hazardous materials for their manufacturing. In this context, chrome-free
surface treatments such as thin film sulphuric acid anodizing (TFSAA) and out-of-bath
sprayable Sol-Gel application play an important role as a replacement for conventional
anticorrosive protection processes using chromates [12].

The need to combine surface treatments, sealants and joining technologies is a contin-
uous challenge in the manufacturing of structures such as reinforced fuselage panels. In
fact, several authors investigated the feasibility of FSW and its derivatives such as refill
friction stir spot welding (RFSSW) for joining surface-treated aluminium alloys in the
overlap configuration using sealants [13–17]. These studies showed a promising potential
of FSW technologies to join surface-treated aluminium alloys using sealants in appropriate
welding conditions. In one of our previous works, the feasibility for FSW surface-treated
AA2099-T83 aluminium extrusions with AA2060-T8E30 aluminium sheets in the overlap
configuration using a sealant at the interface was investigated [18]. The new Cr-free surface
treatments TFSAA and Sol-Gel were applied to the parent materials and the static behavior
by pull-out tests was investigated, showing that these corrosion protection methods had no
significant effects on pull-out static mechanical properties.

The fatigue behavior of representative FSW joints used for the manufacturing of
fuselage panels has been investigated [19–21]. L. Dubourg et al. [20] optimized the FSW
process and the mechanical properties of friction stir lap welds of 7075-T6 stringer on
2024-T3 skin, focusing on the defects associated with this joint configuration, such as top-
sheet thinning, voids, hooking and kissing-bonds. H. J. Schmidt et al. [21] investigated
the crack scenarios and crack growth rates in integral structures and built-up structures of
fuselage panels with FSW joints. However, although it is extremely significant, the fatigue
performance of FSW joints combined with surface treatments and sealants has not been
investigated previously.

Thus, the present work is focused on investigating the fatigue behavior of FSW joints
produced using surface-treated high-strength aluminium alloys with sealant application
and comparing their properties with FSW joints produced using non-treated alloys. At
this point, the analysis of fatigue behavior of welded joints, it is important to highlight
the significant contribution that infrared (IR) thermography methods can make, allowing
us to study the location of the failure area in real time. Thermography methods have
been satisfactorily employed to assess the fatigue behavior and the damage evolution of
materials and their welded components [22–24].

2. Experimental Procedure
2.1. Materials and Surface Treatments

Z-shaped extrusions of AA2099-T83 aluminium alloy as stringers and rolled sheets
of AA2060-T8E30 aluminium alloy as skins were used to manufacture the stringer-skin
lap joints. Both alloys belong to the third generation of aluminium–lithium (Al-Li) alloys
that present excellent properties such as high strength, low density and excellent corrosion
resistance. The thickness of the AA2099-T83 stringers was 2 mm, while the thickness of the
AA2060-T8E30 skins was 2.5 mm. The nominal chemical compositions of the stringer and
skin aluminium alloys are shown in Table 1.
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Table 1. Chemical composition of base materials, wt %.

Alloy Al Si Fe Cu Mn Mg Zn Ti Ag Li Zr

Skin
AA2060-T8E30 Bal. 0.07 0.07 3.4–4.5 0.1–0.5 0.6–1.1 0.3–0.5 0.1 0.05–0.5 0.6–0.9 0.05–0.15

Stringer
AA2099-T83 Bal. 0.05 0.07 2.4–3.0 0.1–0.5 0.1–0.5 0.4–1 0.1 - 1.6–2.0 0.05–0.12

Before FSW, skins and stringers were subjected to different combinations of surface
treatments as well as sealant application at the matching interface. Table 2 summarizes the
welded coupons and their surface conditions before the FSW process.

Table 2. FSW coupon identification with the applied surface treatments and sealant.

Coupon ID Surface Treatment Sealant

C01 - -
C02 TFSAA -
C03 Sol Gel -
C04 - Naftoseal® MC-780-Class C
C05 TFSAA Naftoseal® MC-780-Class C
C06 Sol Gel Naftoseal® MC-780-Class C

TFSAA and Sol-Gel (AC131 from 3M) surface treatments, which are fully chromium-
free and REACH compliant, were applied by the Hellenic Aerospace Industry S.A. (HAI).
For more information on the composition of the surface treatments and sealant and how
they were applied on the stringers and skins, the readers are referred to a previous work of
the authors [18].

2.2. Friction Stir Welding Procedure

The Z-shaped AA2099-T83 stringers and the AA2060-T8E30 skins were friction stir-
welded at LORTEK in the overlap configuration in an I-STIR PDS 4 machine operated
in force control. 500-mm-long stringers were friction stir welded in the central position
of 600-mm-long and 200-mm-wide skins. The FSW tool (Figure 1a) consisted of a probe
with three flats and a mixed thread with a diameter of 4 mm and a length of 2.5 mm. The
shoulder had a flat shoulder of 10 mm in diameter. The fixtures and clamping system used
for the positioning and clamping of the Z-shaped stringer on top of the skin are shown in
Figure 1b.

All coupons were produced using the same FSW parameters at a clockwise rotational
speed of 1200 rpm, a welding speed of 250 mm/min, and a forge force of 6.25 kN. The tilt
angle of the tool was 1.5◦ in all cases. The selection of these FSW parameters was based on
the optimization study performed by the authors in one of our previous works [2]. The
advancing side of the welds was oriented towards the vertical section of the extrusions and
the retreating side towards the free edge.

2.3. FSW Joint Characterisation

The FSW coupons C01-C06 were characterised by metallographic characterisation,
microhardness measurements, static tensile tests and fatigue tests under hoop-stress loading
conditions. In this loading condition, tensile stresses are applied to the AA2060-T8E30 skin
as is shown by the red arrows in Figure 2.

For the metallographic characterisation, cross-sectional specimens were cut perpen-
dicular to the welding direction from each of the welded coupons. The specimens were
prepared using standard procedures for mounting, grinding, and polishing to a mirror-like
surface finish using a colloidal silica suspension. After this preparation, the specimens were
etched using a diluted Keller’s reagent to reveal the microstructure. The initial metallo-
graphic examination of the cross-sectional specimens was performed by optical microscopy
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using an Olympus GX51 light optical microscope. Hardness measurements were made
using the Vickers hardness scale with a sampling step of 0.5 mm and a load of 5 N applied
for 15 s.
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under hoop-stress loading conditions (indicated by the red arrows).

Specimens for static tensile tests and fatigue tests were prepared following the rec-
ommendation by the BS EN 6072 standard. 30-mm-wide specimens were cut from the
welded coupons using electrical discharge machining (EDM) and final mechanical milling
was applied to achieve the final geometry. The geometry of the final specimens is shown
in Figure 2. For the static tensile tests, a Zwick Roell Z100 tensile testing machine with a
load capacity of 100 kN was used at a constant testing speed of 1.6 mm/min. The fatigue
behaviour of the FSW joints was studied by fatigue strength data as represented in basic
S-N diagrams. The fatigue performance was evaluated using an MTS hydraulic testing
machine. Fatigue tests were conducted in load control, using a sinusoidal waveform at
10 Hz and R = 0.1. Fatigue stress levels among 15–70% of the AA2060-T8E30 base material’s
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yield strength were applied as hoop-stress loading on the AA2060-T8E30 skin. During the
fatigue tests, an IR camera (model FLIR A655sc series) was employed to record the tem-
perature field evolution on the surface of the specimens. Optical field-of-view conditions
were achieved by installing the camera at a distance of approximately 0.5 m between speci-
mens and the lens of the camera. After finishing the fatigue tests, the fractured specimens
were examined using scanning electron microscopy (SEM) as well as energy dispersive
spectroscopy (EDS) to determine the fatigue crack behaviour and the influence of the weld
microstructure and surface conditions on the nucleation site.

3. Results
3.1. Static Tensile Tests

Static tensile tests were performed under hoop-stress loading conditions with speci-
mens machined from coupons C01–C06. Two specimens from each coupon were tested
showing very similar results. A summary of the obtained results can be observed in
Figure 3a. Very similar yield stress and UTS values were obtained for all specimens show-
ing no significant influence of the surface treatments and sealant application in the per-
formance of the FSW joints. Yield strength values between 410–424 MPa were obtained
showing a minor variability of approximately 3% among all tested specimens. In terms of
UTS, a variability of approximately 2% was observed with values between 486–498 MPa.
All specimens showed an equivalent fracture mode with an initiation in the HAZ and
propagation at 45◦ through the AA2060-T8E30 skin as shown in Figure 3b.
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The initiation of the fracture in the HAZ can be explained by the hardness reduction
of the AA2060-T8E30 base material in this zone, in addition to the coincidence with the
lowest effective thickness of the AA2060-T8E30 sheet in the close vicinity of the FSW joint.
Figure 4 shows the microhardness values obtained for the AA2060-T8E30 alloy in a scan of
indentations performed parallel to the interface between the AA2060-T8E30 sheet and the
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AA2099-T83 stringer (A–B line in Figure 4a). Although the lowest values of approximately
110 HV0.5 were obtained in the stir zone (SZ), the larger effective thickness provided by the
FSW joint in this zone compensates for the lower strength avoiding the fracture through
the SZ. The hardness increases to values in the range of 120–130 HV0.5 in the HAZ of the
advancing and retreating sides, where the effective thickness of the AA2060-T8E30 sheet
decreases to its minimum value of 2.5 mm. Thus, the fracture is initiated in the region
where the thickness is the lowest and the hardness values are still significantly low in the
HAZ of the FSW joints.
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3.2. Fatigue Tests

Basic S-N curves were obtained for the FSW joints machined from the C01–C06
coupons after the fatigue tests carried out under dynamic hoop-stress loading condi-
tions. Several comparative analyses of the S-N curves are presented in Figures 5–7, where
the stress level in the y axis is represented as a percentage of the yield strength of the
base material.

Figure 5 shows the comparison between the FSW joints produced using bare alu-
minium alloys (C01) and those produced using surface-treated aluminium alloys, TFSAA
in C02 and Sol-Gel treatment in C03. According to these results, surface-treated FSW joints
obtained from C02 and C03 showed a slightly better fatigue behavior and extended life
compared to the FSW joints obtained from the coupon C01. A similar conclusion can be
obtained from the results shown in Figure 6, where the fatigue life of FSW joints obtained
from coupon C01 is compared to the ones produced using the same bare aluminium sub-
strates, but sealant in the stringer-skin interface prior to FSW (coupon C04). The fatigue
specimens containing sealant showed a better fatigue performance and durability in com-
parison with the reference FSW joints from coupon C01. Figure 7 shows the comparison
between the reference FSW joints machined from coupon C01 and those obtained from the
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coupons produced using a combination of surface-treated aluminium alloys and sealant in
the stringer-skin interface, coupons C05 and C06. Once again, the FSW joints containing
surface treatments and sealant showed a longer fatigue life than the reference FSW joints.
According to these results it could be stated that both the use of surface-treated aluminium
alloys and the application of sealant improved the fatigue life of the FSW joints, when they
are applied either in an individual or a combined way.
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The fracture analysis of the FSW joints in the fatigue tests allowed us to distinguish
two main fracture modes as shown in the S-N data represented in Figure 8. The specimens
tested in high-stress loading conditions showed failures at a relatively low number of cycles
with a fracture initiation and propagation in the HAZ of the FSW joint (indicated in red
in Figure 8). On the other hand, the specimens tested in low-stress loading conditions
presented a higher number of cycles until fracture and they showed a fracture located out of
the FSW joint (indicated in blue in Figure 8). This type of failure could be related to fretting
fatigue phenomena [25,26] occurring at random locations in the contacting stringer-skin
interface out of the FSW joints, generating an initial damage and fracture initiation point
for a later fracture out of the FSW joint.

The monitoring of the FSW specimens during the fatigue tests by IR thermography
allowed us to capture the instants when the fracture occurred for the two different failure
modes identified (Figure 9). The positions of the AA2099-T83 stringer, the AA2060-T8E30
skin and the FSW joint were highlighted with black lines for a better clarity of the images.
The image in Figure 9a shows the instant when the fracture of the specimen C05_A, which
was tested at relatively low stress conditions as indicated in Figure 8, occurred. It can
be clearly observed that the fracture initiation and final fracture occurred out of the FSW
joint after 216,817 cycles. On the other hand, the image in Figure 9b shows the instant of
the fracture of the specimen C05_B, tested in high-stress loading conditions (Figure 8). It
can be observed that the fracture occurs in the HAZ of the FSW joint after 52,306 cycles.
Although it was not possible to achieve an accurate quantification of temperature variations
during the fatigue tests, IR thermography allowed us to clearly distinguish the fracture
initiation points. Thus, IR thermography was found to be an effective technique to carry
out qualitative studies in the fatigue tests of FSW joints.

Similar results were obtained after the metallographic characterisation of specimens
fractured in fatigue tests (Figure 10). The cross-section shown in Figure 10a corresponds to
a specimen machined from coupon C05 that failed in low-stress loading conditions after
897,334 cycles. It can be clearly observed that the fracture initiation and final failure occur
out of the FSW joint. On the other hand, the cross-section of a specimen tested in high-stress
loading conditions can be observed in Figure 10b. A fracture initiation and crack growth
through the HAZ can be clearly observed prior to the final fracture after 28,187 cycles.



J. Manuf. Mater. Process. 2022, 6, 94 9 of 15
J. Manuf. Mater. Process. 2022, 6, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 8. S-N data of FSW joints showing different fracture modes in high- and low-stress loading 
conditions. 

The monitoring of the FSW specimens during the fatigue tests by IR thermography 
allowed us to capture the instants when the fracture occurred for the two different failure 
modes identified (Figure 9). The positions of the AA2099-T83 stringer, the AA2060-T8E30 
skin and the FSW joint were highlighted with black lines for a better clarity of the images. 
The image in Figure 9a shows the instant when the fracture of the specimen C05_A, which 
was tested at relatively low stress conditions as indicated in Figure 8, occurred. It can be 
clearly observed that the fracture initiation and final fracture occurred out of the FSW joint 
after 216,817 cycles. On the other hand, the image in Figure 9b shows the instant of the 
fracture of the specimen C05_B, tested in high-stress loading conditions (Figure 8). It can 
be observed that the fracture occurs in the HAZ of the FSW joint after 52,306 cycles. Alt-
hough it was not possible to achieve an accurate quantification of temperature variations 
during the fatigue tests, IR thermography allowed us to clearly distinguish the fracture 
initiation points. Thus, IR thermography was found to be an effective technique to carry 
out qualitative studies in the fatigue tests of FSW joints. 

 
Figure 9. Thermographic images of FSW joints showing the instant of the fracture in the fatigue 
tests; (a) specimen C05_A showing the fracture out of the FSW joint at 216,817 cycles and (b) speci-
men C05_B showing the fracture in the HAZ at 52,306 cycles. 

Figure 8. S-N data of FSW joints showing different fracture modes in high- and low-stress loading
conditions.

J. Manuf. Mater. Process. 2022, 6, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 8. S-N data of FSW joints showing different fracture modes in high- and low-stress loading 
conditions. 

The monitoring of the FSW specimens during the fatigue tests by IR thermography 
allowed us to capture the instants when the fracture occurred for the two different failure 
modes identified (Figure 9). The positions of the AA2099-T83 stringer, the AA2060-T8E30 
skin and the FSW joint were highlighted with black lines for a better clarity of the images. 
The image in Figure 9a shows the instant when the fracture of the specimen C05_A, which 
was tested at relatively low stress conditions as indicated in Figure 8, occurred. It can be 
clearly observed that the fracture initiation and final fracture occurred out of the FSW joint 
after 216,817 cycles. On the other hand, the image in Figure 9b shows the instant of the 
fracture of the specimen C05_B, tested in high-stress loading conditions (Figure 8). It can 
be observed that the fracture occurs in the HAZ of the FSW joint after 52,306 cycles. Alt-
hough it was not possible to achieve an accurate quantification of temperature variations 
during the fatigue tests, IR thermography allowed us to clearly distinguish the fracture 
initiation points. Thus, IR thermography was found to be an effective technique to carry 
out qualitative studies in the fatigue tests of FSW joints. 

 
Figure 9. Thermographic images of FSW joints showing the instant of the fracture in the fatigue 
tests; (a) specimen C05_A showing the fracture out of the FSW joint at 216,817 cycles and (b) speci-
men C05_B showing the fracture in the HAZ at 52,306 cycles. 
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(a) specimen C05_A showing the fracture out of the FSW joint at 216,817 cycles and (b) specimen
C05_B showing the fracture in the HAZ at 52,306 cycles.

Therefore, from these results, it could be stated that specimens tested in high-stress
loading conditions presented a fracture initiation in the HAZ in a similar zone as in the
fractures observed in the static tensile tests (Figure 3b). However, the crack growth occurs
along the HAZ due to the reduced hardness of the material in this zone. The specimens
tested under low-stress conditions showed a fracture out of the FSW joint due to fretting
effects produced as a consequence of the frictional contact and sliding movement between
the stringer and the skin at their interface. The precise location of the fracture initiation
point was randomly distributed along the stringer-skin interface out of the FSW joint,
depending on the damage accumulation caused by the frictional contact and the sliding
movement between the stringer and the skin.
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Figure 10. Metallographic cross-sections of FSW showing different fracture modes; (a) specimen from
coupon C05 tested at 30% of the YS showing the fracture out of the FSW joint and (b) specimen from
coupon C05 tested at 70% of the YS showing the fracture in the HAZ.

The presence of surface lubricants has been proposed as a palliative method to reduce
fretting fatigue problems and extend the fatigue life of structures [27]. In the FSW joints
analysed in this work, the lubricant effect produced by the surface treatments and the
applied sealant explains the observed improvement in the fatigue life of these FSW joints.
Their presence could reduce the frictional effects at the interface, minimizing the fretting
effects and delaying the fracture initiation as well as the final fracture of the FSW specimens.

3.3. Fracture Surface Analysis

The fracture surfaces were investigated in more detail using SEM and EDS techniques.
The results obtained in the analysis of the specimen C05_A, which was tested in low-stress
loading conditions, are shown in Figures 11–13. A general view of the fractured specimen
can be observed in Figure 11a and a more detailed view of the fracture surface in Figure 11b.
Small regions of black phases were observed at the stringer-skin matching interface, which
are indicated as point A1 in Figure 11a, suggesting these phases could act as fatigue crack
nucleation points. A detailed analysis of these black phases indicated as regions A1-1 and
A1-2 in Figure 12 revealed that they consisted of accumulated aluminium oxides as a result
of local sliding and frictional contact between the stringer and skin surfaces at the point A1.
Once the fatigue crack was initiated at this point, three main regions were observed for its
propagation, indicated as zones A, B and C in Figure 11b. A detailed observation of the
fracture surface by SEM allowed us to identify these zones and representative SEM images
are shown in Figure 13.
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Figure 13a shows a SEM image obtained at point A2 indicated in Figure 11b, which
is considered to be close to the initial fatigue crack nucleation point. A very flat surface
without significant plastic deformation and the progress of the crack during the cyclic
loading of the fatigue test can be observed. This propagation goes from the top surface
towards the bottom in thickness as well as from the edge of the specimen towards its centre
as indicated by the arrows in Figure 13a. A representative SEM image of the transition zone
B obtained at point B1 indicated in Figure 11b can be observed in Figure 13b. A combination
of zones showing limited plastic deformation and crack growth bands with other zones
showing dimples indicative of ductile fracture with significant plastic deformation could
be observed in this zone B. Finally, an SEM image obtained at point C1 in Figure 11b can
be observed in Figure 13c. A surface formed of multiple dimples indicative of substantial
plastic deformation and ductile fracture could be observed, which was representative of
zone C, where the final fracture occurred.

This type of fracture, originated by oxides accumulated at the stringer-skin interface,
was representative of the fractures caused by fretting effects in low-stress loading conditions
and after a relatively high number of cycles. Thus, fretting effects are the main limiting
factor of the fatigue life of stringer-skin FSW joints in the overlap configuration in the
high-cycle fatigue regime.

The fractures that occurred in high-stress loading conditions were also investigated
by SEM observation of the fracture surfaces. The results obtained in the analysis of the
specimen C05_B, that presented a representative fracture in the HAZ of the FSW joint, are
shown in Figures 14 and 15. The general view of the fractured specimen can be observed in
Figure 14a. No presence of black phases was observed at the stringer-skin interface. A more
detailed view of the fracture surface can be observed in Figure 14b showing the main zones
which form the final fracture surface: the fatigue crack nucleation and propagation zone
(indicated as D) as well as the final fracture zone (indicated as E). Representative images
obtained by SEM showing the characteristics of these zones can be observed in Figure 15.
Thus, Figure 15a shows details of the initial fatigue crack nucleation point indicated as
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point D1 in Figure 14b. A flat surface showing no plastic deformation can be observed
where propagation bands starting at the top surface indicate the fracture initiation point.
The propagation of the fatigue crack, which is indicated by the black arrows in Figure 15a,
goes from the top surface towards the bottom in the thickness direction and from the central
zone towards the edges in the width of the specimen. Once the crack propagates to cover
the zone D, the final fracture occurs in the zone E. SEM images obtained at points E1 and
E2 indicated in Figure 14b are shown in Figures 15b and 15c, respectively. Multiple dimples
can be observed in these zones indicating a ductile fracture with plastic deformation.
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4. Conclusions

The fatigue behaviour of stringer-skin overlapped FSW joints under hoop-stress
loading conditions was investigated. AA2099-T83 extrusions and AA2060-T8E30 rolled
sheets were used to produce the FSW joints in the as-received and surface-treated conditions.
A sealant was also applied at the stringer-skin interface before FSW for some conditions.
Based on the results obtained in this work, the following conclusions could be drawn:

• All investigated FSW joints showed an equivalent performance in the static tensile
tests carried out under hoop-stress loading conditions. The surface treatments (TFSAA
and Sol-Gel) and sealant applied before the manufacturing by FSW did not induce
significant effects on the joint properties.

• Two different fracture modes were identified as the main failure mechanisms in the
fatigue tests performed under hoop-stress loading conditions. Fractures in the HAZ
were observed in tests performed with relatively high stress levels, while the fracture
mode in low-stress level tests was found to occur out of the FSW joint.

• IR thermography was found to be a suitable technique for a qualitative analysis of the
fatigue performance of FSW joints, allowing us to identify the fracture initiation and
propagation locations.

• Fretting fatigue was identified as the main limiting factor of the fatigue life for FSW
joints tested at low stress levels. The local damage caused by the frictional contact and
sliding movement at the stringer-skin interface was found to create aluminium oxide
accumulations that acted as the fatigue crack initiation points.

• FSW joints produced using surface-treated aluminium components and sealant at the
stringer-skin interface showed an improved fatigue life in comparison with the FSW
joints produced using bare aluminium components. The lubricant effect and reduced
friction produced by the surface treatments and sealant at the stringer-skin interface
resulted in reduced fretting effects and extended durability of the FSW joints.

Generally, it was concluded that it is feasible to combine FSW manufacturing using
surface-treated aluminium alloys and sealants at the stringer-skin interface in order to
produce efficient, high-strength and corrosion-resistant aeronautic structures. The possi-
bility of FSW surface-treated aluminium components using sealants was demonstrated
and the resulting joints showed improved durability in fatigue tests under hoop-stress
loading conditions.
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