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RESUMEN 

Uno de los principales retos en el sector aeronáutico es la reducción del consumo 
energético con el fin de incrementar la eficiencia, reducir emisiones, así como reducir 
costes operacionales de los aviones. Con el fin de abordar este reto, son necesarias 
estructuras cada vez más ligeras para poder diseñar sistemas de transporte aéreo más 
eficientes y respetuosos con el medioambiente. Por lo tanto, actividades de 
investigación y desarrollo en nuevos materiales y procesos de fabricación que permitan 
desarrollar estructuras aligeradas y económicamente eficientes despiertan un gran 
interés para la industria aeronáutica. 

El desarrollo de paneles integrales reforzados y soldados ofrecen nuevas oportunidades 
para la fabricación de estructuras aligeradas y económicamente eficientes. Sin 
embargo, estas aplicaciones presentan importantes retos que se deben superar para 
una implementación exitosa debido a alta complejidad y el enfoque multidisciplinar 
necesario para el diseño, fabricación, mantenimiento y procesos de fin de vida útil de 
dichas estructuras. 

Desde el punto de vista de los procesos de fabricación, la soldadura por fricción-
agitación o “Friction Stir Welding” (FSW) es una innovadora tecnología de unión con 
potencial para reemplazar la tecnología de remachado empleada tradicionalmente para 
la fabricación de estructuras aeronáuticas. Desde el punto de vista de materiales, el 
desarrollo de aleaciones de aluminio-litio de tercera generación ha generado nuevas 
oportunidades para la introducción de aleaciones de aluminio de baja densidad y altas 
prestaciones. La exitosa implementación de ambas innovaciones, es decir, la tecnología 
de soldadura FSW y aleaciones de aluminio de tercera generación abre nuevas 
perspectivas para el desarrollo de estructuras avanzadas para aeronaves. Sin embargo, 
es necesario desarrollar las apropiadas condiciones de proceso de soldadura FSW con 
el fin de maximizar la calidad de las uniones y estructuras para que cumplan con los 
exigentes requisitos del sector aeronáutico. 

Esta tesis se centra en el desarrollo del proceso de soldadura FSW para su 
implementación en la fabricación de paneles reforzados integrales caracterizados por 
uniones tipo larguero-piel empleando aleaciones de aluminio-litio de tercera generación. 
Aunque se han investigado varias aleaciones de este tipo, el trabajo está principalmente 
centrado en las aleaciones AA2060-T8E30 y AA2099-T83. Se investigan factores 
críticos para el desarrollo del proceso de soldadura FSW tales como diseños de 
herramientas, parámetros de soldadura y efectos introducidos por técnicas innovadoras 
de protección contra la corrosión (tratamientos superficiales libres de Cr, sellantes). El 
impacto de estos factores en la calidad de las uniones soldadas mediante FSW se 
investiga mediante examen metalográfico y ensayos mecánicos incluyendo microscopía 
óptica y electrónica, ensayos estáticos de arrancamiento, tracción y ensayos de fatiga. 
Como resultado del trabajo realizado, se han definido condiciones de soldadura FSW 
optimizadas incluyendo un diseño de herramienta alternativo capaz de producir uniones 
soldadas mediante FSW de gran calidad en configuraciones de junta a solape. 

La tesis se ha desarrollado en el marco del proyecto ecoTECH, que es un proyecto 
europeo entre socios esenciales de la iniciativa “Clean Sky 2” para la investigación y 
desarrollo de nuevas tecnologías para futuras aeronaves. Se ha realizado un excelente 
trabajo colaborativo entre los socios del proyecto y el desarrollo de demostradores de 
paneles-fuselaje innovadores se encuentra en curso en el momento en el que se 
deposita la tesis. Las conclusiones obtenidas en la tesis se están aplicando en la 



fabricación mediante soldadura FSW de los demostradores de fuselaje con el objetivo 
de incrementar el nivel de madurez tecnológica de este tipo de estructuras. Los trabajos 
de investigación de esta tesis junto con las pruebas de validación de los demostradores, 
en caso de ser exitosas, permitirían introducir la soldadura FSW como tecnología 
habilitadora para la fabricación avanzada de estructuras aeronáuticas mostrando 
beneficios tales como la reducción de peso, la reducción de consumo energético, la 
reducción de tiempos y costes de fabricación, así como avances hacia una fabricación 
más automatizada y digitalizada. 

Con el fin de presentar el trabajo de la forma más clara posible, la tesis menciona 11 
artículos presentados de forma cronológica que representan el trabajo realizado en el 
desarrollo de la tecnología de soldadura FSW para distintos tipos de aleaciones aluminio 
y uniones en configuraciones de juntas a solape. En cualquier caso, los artículos 
esenciales que llevan a completar la tesis son los artículos 9, 10 y 11. Estos son los 
artículos que cumplen con los requisitos académicos y deben ser considerados como 
compendio de publicaciones en sustitución de la memoria de tesis tradicional. 

 

ABSTRACT 

One of the current challenges in the aeronautic sector is the reduction of fuel 
consumption aiming at energy efficiency, reduction of emissions as well as reductions in 
operational costs of the aircraft. In order to face this challenge, increasingly lighter 
structures are required for more efficient and environmental-friendly airframe systems. 
Therefore, research and development in new materials and manufacturing processes 
leading to innovative lightweight and cost-effective structures is of great interest for the 
aeronautic industry. 

The development of welded integral reinforced panels offers new opportunities for 
lightweight and cost-effective structure manufacturing. However, these applications 
present important challenges that must be overcome for a successful implementation 
due to the highly complex and multi-disciplinary approach required for the design, 
manufacturing, maintenance and disposal of such structures. 

From the manufacturing process point of view, Friction Stir Welding (FSW) is an 
innovative joining technology with potential to substitute the traditionally used riveting for 
aircraft structure manufacturing. From the material point of view, the development of 
Third-Generation aluminium-lithium alloys have created opportunities for the introduction 
of low density and high-performance aluminium alloys. The successful implementation 
of both innovations, i.e., FSW technology and Third-Generation aluminium-lithium alloys 
opens new perspectives for the development of advanced aircraft structures. However, 
it is necessary to develop appropriate FSW process conditions in order to maximize the 
quality of the joints and structures that comply with the stringent requirements of the 
aeronautic sector. 

This thesis is mainly focused on the FSW process development for its implementation in 
the integral reinforced panel manufacturing characterised by stringer-skin type joints, 
using Third-Generation aluminium-lithium alloys. Although several alloys of this type 
have been investigated, the work is mainly focused on the AA2060-T8E30 and AA2099-
T83 alloys. Critical factors for FSW process development such as tool designs, welding 
parameters and effects introduced by innovative corrosion protection techniques (Cr-free 
surface treatments, sealants) are investigated. The impact of all these factors in the 
quality of FSW joints is investigated by metallographic examination and mechanical tests 



including optical and electron microscopy, static pull-out, static tensile and fatigue tests. 
As a result of the work, optimized FSW process conditions are defined including a new 
FSW tool design capable to produce high-quality FSW joints for overlap joint 
configurations. 

The thesis has been developed in the framework of the project ecoTECH, which is a 
core-partner project of the Clean Sky 2 initiative for research and development of new 
technologies for future aircraft. An excellent collaborative work has been carried out 
among project partners and the development of innovative fuselage panel demonstrators 
is in progress at the time when this thesis is being deposited. The conclusions obtained 
in the thesis are being applied to the FSW manufacturing of the fuselage demonstrators 
with the aim of increasing the TRL level of this type of advanced structures. This could 
permit to introduce FSW as an enabling technology for the advanced manufacturing of 
aircraft structures showing benefits such as weight savings, reduction of energy 
consumption, reduction in the manufacturing time and costs, as well as advances 
towards a more automatic and digital manufacturing. 

In order to present the work in the clearest way possible, the thesis mentions 11 articles 
presented in a chronological way that represent the work performed in the FSW 
technology development for different types of aluminium alloys and overlap joint 
configurations. The contributions of each article are explained in each corresponding 
chapter. Nevertheless, the core articles that led to the completion of this thesis are 
articles 9, 10 and 11. These are the relevant articles that comply with the academic 
requirements and must be considered as a compendium of publications in substitution 
of the traditional PhD dissertation. 

 

LABURPENA 

Sektore aeronautikoaren erronka nagusienetako bat erregaien kontsumoa murriztea da, 
efizientzia energetikoa, emisioen murrizketa edota hegazkinen operazioetako kostuen 
murrizketa bilatze aldera. Erronka honi aurre egiteko, eranginkorragoak eta 
ingurumenarekiko errespetagarriak diren sistema aeronautikoentzat gero eta estruktura 
arinagoak beharrezkoak dira. Beraz, arinak eta ekonomikoki eranginkorrak diren 
estrukturen garapenerako material eta fabrikazio prozesu berrien ikerketa eta 
garapenerako aktibitateak interes handikoak dira industria aeronautikoan. 

Soldatutako panel integral errefortzatuen garapenak aukera berriak eskeintzen ditu 
estruktura arin eta ekonomikoki eranginkorren fabrikazioan. Hala ere, aplikazio hauek 
erronka garrantzitsuak aurkezten dituzte, konplexutasun eta disziplina anitzeko 
hurreratzea eskatzen baitute beraien diseinua, fabrikazioa, mantenketa eta erretiratze 
prozesuak kontutan izanda. 

Fabrikazio prozesuen ikuspuntutik, marruskadura-astintze soldadura edo “Friction Stir 
Welding” (FSW) estruktura aeronautikoen fabrikazioa betidanik erabili izan den 
errematxeen teknologia ordezkatzeko potentziala duen lotura teknologia berritzaile bat 
da. Materialeen ikuspuntutik, hirugarren belaunaldiko aluminio-litiozko aleazioen 
garapenak dentsitate baxuko eta erresistentzia handiko aluminiozko aleazioen 
erabilerarako aukera berriak zabaldu ditu. Bi berrikuntza hauen inplementazio 
arrakastatsuak ate berriak irekitzen ditu aeronautikarako estruktura aurreratuen 
fabrikazioan. Hala ere, sektore aeronautikoko eskaera zorrotzak beteko dituzten kalitate 
handiko soldadurak gauzatzeko ezinbestekoak diren FSW soldadura baldintzak 
garatzea beharrezkoa da. 



Tesi hau hirugarren belaunaldiko aluminio-litiozko aleazioak erabiliz, langa-azal moduko 
FSW soldadurez osaturiko panel errefortzatu integralen fabrikaziorako beharrezkoa den 
FSW soldadura prozesuaren garapenean murgiltzen da. Gisa honetako hainbat aleazio 
aztertu diren arren, egindako lanak bereziki AA2060-T8E30 eta AA2099-T83 aleazioetan 
du ardatza. FSW soldadura prozesuaren garapenerako kritikoak diren faktoreak ikertu 
dira, nola hala, erreminten diseinua, soldadura parametroak eta korrosioaren aurkako 
babesa eskeintzen dute teknika berritzaileen efektuak (Cr-rik gabeko gainazalen 
tratamentuak, zigitzaileak). Faktore hauek FSW bidez eginiko soldaduren kalitatean 
duten eragina azterketa metalografiko eta entseiu mekanikoen bidez ikertu da, 
mikroskopia optiko eta elektronikoa, deserrotze eta trakzio entseiu estatikoak eta neke 
entseiuak barne. Eginiko lanaren emaitza bezala, FSW soldadura prozesuaren baldintza 
optimizatuak definitu dira, gainjarritako loturetan kalitate handiko FSW soldadurak 
egiteko aukera ematen duen erreminta diseinu berri bat barne. 

Tesia ecoTECH proiektuaren barnean garatu da, etorkizuneko hegazkinen teknologia 
berrien ikerketa eta garapenerako “Clean Sky 2” inziatibaren barneko ezinbesteko 
bazkideen proiektu mota izanik. Proiektuko bazkideen artean oso elkarlan aberasgarria 
egin da eta fuselaia panel berritzaileen estruktura erakusleen fabrikazioa martxan da tesi 
hau aurkeztu den unean. Tesian lortutako ondorioak fabrikazio honetan aplikatzen ari 
dira garatutako FSW teknologia aplikatuz, non estruktura berritzaile hauen heldutasun 
teknologikoa igotzea den helburu. Helburu hau gauzatzeak, FSW soldadura teknologia 
estruktura aeronautikoen fabrikazio aurreraturako teknologia giltzarri bezala kokatzea 
ekarriko luke. Honen onurak pisu murrizketa, energía kontsumoaren murrizketa, 
fabrikazio kostu zein denboren murrizketa eta fabrikazio automatikoago eta digitalago 
baterako aurrerapenak izango lirateke. 

Egindako lana ahalik eta modu argienean aurkezteko asmoz, tesian 11 artikulu aipatzen 
dira kronologikoki aurkeztuta, zeintzuk FSW soldadura teknologiarekin gainjarritako 
loturetan eta aluminiozko aleazioekin egindako garapen lan guztiaren erakusle diren. 
Dena dela, tesiaren garapena bideratu duten ezinbesteko artikuluak 9, 10 eta 11 
artikuluak dira. Hauek dira baldintza akademikoak betetzen dituzten artikuluak eta 
publikazioen konpendiorako kontutan izan beharrekoak, tesi tradizionalen memoria 
ordezkatuz. 
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1.- INTRODUCTION 

1.1.- RESEARCH IN THE AERONAUTIC INDUSTRY 

During the last 60 years the aviation industry has evolved significantly. In the last 20 
years the air traffic has increased enormously reducing distances between remote 
geographical places for people and goods. According to the Advisory Council for the 
Aviation Research and Innovation in Europe (ACARE) and its Strategic Research and 
Innovation Agenda [1] this air traffic will continue growing and the number of passengers 
is expected to double in the next 20 years. Globally speaking the worldwide fleet is 
estimated in 25000 aircrafts and the growth expectations forecast a need of 32000 new 
units for the next two decades for additions and replacements [2]. 

The European aeronautic industry is one of the most important sector as it is reflected in 
the numbers produced by its activity. Approximately 450 airlines operate in nearly 700 
airports throughout the European geography. In 2010 606 million passengers were 
transported and this number has continued increasing in the last years. The European 
aeronautic industry provides nearly 12 million jobs directly and indirectly, and generates 
about 700 billion Euros for the European economy. Due to the huge impact and the 
expected future growth of the European aeronautic sector, the investment in research 
and development is also very important. Thus, approximately 7 billion Euros are invested 
every year for research and development activities in the commercial aeronautic sector 
in Europe. 

The aeronautic industry is continuously looking for innovations and advances in different 
systems that form the overall structure of the aircrafts. Prove of these continuous 
innovation actions are the latest research programmes launched by the European 
aeronautic industry such as the already completed European Community’s Framework 
programmes FP6 and FP7, the Clean Sky 1 Joint Undertaking or the ongoing Horizon 
2020, SESAR Joint Undertaking [3] and the Clean Sky 2 Joint Undertaking [2]. In line 
with the Flightpath 2050 strategic goals established by the European Commission, one 
of the main goals of these research and innovation programmes is to achieve a more 
efficient air transportation system with a lower ecological footprint. Thus, currently 
SESAR focuses on developing technical and operational solutions to modernise 
Europe’s air traffic management system, while Clean Sky 2 fosters the development of 
new technologies that will make tomorrow´s aircraft greener and more efficient for the 
commercial aviation. 
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Figure 1: The Clean Sky 2 Programme Setup [2]. 

The Clean Sky 2 Joint Undertaking [2] is the largest European research programme for 
the development of new technologies with the aim to reduce CO2 (by 50%) and NOx (by 
80%) emissions as well as noise levels (by up to 50%). Research and activities within 
the Clean Sky 2 framework are divided into different themes and aircraft concepts as 
shown in Figure 1. Thus, a large number of technologies, materials and manufacturing 
processes with potential for enabling the achievement of the mentioned goals are under 
development for different aircraft types and their sub-systems. For example, the Airframe 
ITD within Clean Sky 2, among other innovation activities, is directed to the development 
of advanced fuselage, wing and other structures in order to address the challenges of 
weight, cost, life-cycle impact and durability. 

 

1.2.- TECHNOLOGICAL FRAMEWORK 

1.2.1.- Innovative lightweight structural concepts 

An evident approach towards the compliance with the fuel consumption and emission 
reduction goals is the research and development of new lightweight structural concepts 
for future aircrafts. The structural weight of an aircraft is an important part of the total 
weight. Therefore, weight savings in the structures that form the overall structure of an 
aircraft can contribute in a large extent to the achievement of fuel consumption and 
emissions reduction goals stated by the aeronautic industry. For example, Figure 2 
shows the structural parts at different levels that from the fuselage of an aircraft [4], [5]. 
The development of new lightweight materials such as high strength and low density 
aluminium alloys, along with new manufacturing processes with potential to reduce the 
weight of sub-structures by substituting hundreds of rivets in structural fuselage parts, 
can result in lightweight structures with lower manufacturing cost, time and 
environmental footprint among other benefits. Obviously, these innovative structures 
have to equal or exceed the performance of current sub-structures in terms of 
mechanical strength, corrosion resistance, end of life operations, etc. 
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Figure 2: Structural parts of an aircraft fuselage at different levels, [4] [5]. 

Materials typically used to manufacture aircraft structures are mostly aluminium alloys, 
fibre reinforced composites, fibre metal laminates and or titanium alloys as shown in 
Figure 3 and Figure 4. Traditionally aluminium alloys have been the prevalent material 
for airframe construction due to their good strength-to-weight ratio and reasonable cost. 
However, fostered by their superior lightweighting potential, fibre reinforced composite 
materials have increased their usage in the latest aircraft models developed by the main 
aircraft producers Boeing and Airbus [5], [6]. Thus, aluminium alloys represented the 
65,5% of the materials used in the Airbus A320, while this number decreased to a 61% 
in the Airbus A380 and to a 20% in the Airbus A350 XWD. The Boeing 787 also presents 
20% of aluminium alloys. This reduction of aluminium use is mainly due to the extended 
use of composite materials that goes from the 12,5% in the Airbus A320 to the 52% in 
the Airbus A350 XWD. However, material choice for aircraft structures is not consensual 
as composite materials also present disadvantages such as high material costs, higher 
production costs, limited knowledge of material properties during the life cycle or 
difficulties to establish feasible end of life procedures such as recycling and material 
disposal. In addition to these issues, the introduction of new aluminium alloys and 
tempers opens new possibilities for extended aluminium use in future aircrafts. Prove of 
that is the use of 20 different alloys and tempers in the Airbus A380 in comparison with 
the 6 used in the Airbus A320 [6]. 
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Figure 3: Use of materials in aircraft structures [5]. 

 

Figure 4: Use of materials in the structure of the Airbus A380 [6]. 

Aluminium producers have invested in research and development of new aluminium 
alloys for the aeronautic sector in the last years [7] [8], as shown in Figure 5. The main 
goal has been the development of alloys with higher mechanical performance, lower 
density as well as better processing capabilities for innovative manufacturing processes 
such as welding. Thus, a new family of aluminium alloys was developed for the Airbus 
A380 by an Alcan-Airbus integrated project team including several alloys for wing (7040, 
7449-T7651, 2027, 7056, 2050) and fuselage (7040, 6156) structures, including 
weldable alloy grades by LBW [9]. One of the main outcomes of these developments 
was the maturation and launch of the third generation of aluminium-lithium alloys. The 
problems encountered in the previous generations of such alloys (reduced thermal 
stability, reduced ductility and fracture toughness in the short-transverse direction) were 
solved by improvements in the chemical compositions (Figure 6) and developing 
optimized thermo-mechanical treatments [10]. Therefore, Third-Generation Al-Li alloys 
were ready to be implemented and next developments focused on improving properties 
and processing options (welding, casting…) with the final goals of producing cost and 
weight savings in aircraft structures. 
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Figure 5: Aluminium alloy developments for the aeronautic sector [8]. 

 

Figure 6: Evolution of aluminium and lithium concentration in Third-Generation Al-Li alloys [11]. 

The development of new aluminium alloys with enhanced weldability over traditional 
2XXX and 7XXX alloys, opened new possibilities for the manufacturing of welded integral 
reinforced panels as an alternative for riveted differential reinforced panels (Figure 7). 
Riveting has been the dominant joining technology for reinforced panel manufacturing 
for aircraft structures. However, there are some disadvantages in the riveting processes 
such as low productivity and lack of potential for weight reduction [12] [13]. Welded 
integral structures represent benefits such as reductions in the number of necessary 
parts, enhanced weight saving as well as significant reductions in manufacturing times 
and costs. These integral reinforced panels have aroused the interest of the aircraft 
manufacturers so that innovative welding technologies and aluminium alloys have been 
extensively investigated [14] [15] [16]. The main welding technologies investigated have 
been LBW and FSW so that some reinforced panel applications have been applied in 
different aircraft models. For example, Airbus implemented LBW technology for the 
manufacturing of lower fuselage panels in the Airbus A318 (1 panel) and in the Airbus 
A380 (8 panels) [15]. Figure 8 shows the LBW facility and the reinforced panel 
manufactured by LBW of stringers on skin. However, due to the extremely low weldability 
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of traditional aerospace grade aluminium alloys, new aluminium alloys with improved 
weldability had to be developed. 

 

Figure 7: Differential and Integral reinforced panel concepts [17]. 

 

Figure 8: LBW facility at Airbus [15]. 

FSW is another technology that has been implemented for the manufacturing of 
reinforced panels of aluminium for primary aircraft structures [18] [19] [20] [21] [22]. The 
solid-state nature of this technology allows avoiding the main weldability issues such as 
hot cracking or porosity presented by other fusion-solidification based welding 
technologies. Material strength reductions in the HAZ of the welds when precipitation-
hardening aluminium alloys are welded, is also lower in FSW due to the low processing 
temperatures and heat inputs, resulting in a higher joint strength efficiency. Thus, 
practically all aluminium alloys are weldable by FSW, including the high strength 
precipitation hardening aerospace grade 2XXX and 7XXX aluminium alloys. In fact, the 
Eclipse 500, which is a six-person twin-engine business jet and the first airplane to 
implement FSW technology for the manufacturing of its primary structure, was 
manufactured using 2XXX and 7XXX aluminium alloys. 

One Aviation (the former Eclipse Aviation and Eclipse Aerospace) delivered the first 
Eclipse 550 in 2013, an improved model of the Eclipse 500 which is also intensive in 
FSW implementation [19] [20] [23]. Both models apply FSW technology instead of 
riveting for stringer-skin lap joining for the manufacturing of structures in the cabin, 
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fuselage, wings and engine mounts, as shown in Figure 9 [18]. The FSW equipment 
used for panel production can be observed in Figure 10 [23]. The result was a lighter and 
stronger structure that saved in the range of 50lbs eliminating 65% of the previously 
riveted joints that supposed about 30.000 rivets. In addition to that, 1600 man hours of 
work per jet were achieved [21] and production times were reduced by 40% due to the 
faster joining operations, which allowed saving between $50.000-$100.000 per plane 
[14]. However, other technical challenges such as corrosion protection, distortion control 
and the understanding of joint properties for the designing phase had to be overcome 
and details of how this was achieved are not well known. 

 

Figure 9: Detail of stringers joined to skin by 

FSW and FSW tool [18]. 

 

Figure 10: FSW equipment and clamping jigs 

for reinforced panel manufacturing [23]. 

Embraer also announced the implementation of FSW in the manufacturing of integral 
reinforced panels for fuselage structures in the mid-size aircrafts Legacy 450 and 500 
[22]. In this case, butt joints performed by FSW were also used for joining skin sheet 
materials, in addition to the similar stringer-skin lap joints as developed by One Aviation 
for the Eclipse 500 and 550. The reinforced panel structure can be observed in Figure 
11. Critical details about the application of FSW technology such as welding parameters, 
FSW tool designs… were not disclosed. 

 

Figure 11: Reinforced panel manufactured by FSW stringer-skin lap joints and skin-skin butt 

joints [22]. 

Other companies and researchers involved in developments for the aerospace sector 
have also proposed FSW welding technology as an alternative joining technology to 
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riveting for lap joints in stringer to skin and other similar applications [5] [16] [24] [25] [26] 
[27] [28] [29] [30] [31] [32]. Some of the proposed developments resulted in real industrial 
applications such as the Boeing C-17 cargo ramp, the Boeing 747 freighter barrier beams 
[31] or the cargo floor of the Airbus A400M military aircraft [27]. Some other FSW 
applications such as structures for fuselage and wings have been matured and 
demonstrated but did not reach to the final production floor due to issues not related to 
technical stoppers such as the increased adoption of composite materials in some of the 
latest aircraft models [33]. In any case, the potential to develop lightweight and cost 
effective aluminium structures by the implementation of new alloys and FSW technology 
is huge. However, the FSW process conditions for new alloys (especially dissimilar 
combinations of aluminium alloys) have to be developed firstly and their effects on joint 
properties have to be well understood for a successful implementation of the technology. 

The topic of the thesis is based on the research of the FSW process and its 
implementation for the manufacturing of integral reinforced panels for aircraft structures. 
The main focus is the development of stringer-skin lap joints by FSW using Third-
Generation Al-Li alloys. Thus, the research and development activities are directed to 
the FSW joint preparation, joint characterisation and the understanding of the 
relationships between FSW conditions and joint properties. All the activities are carried 
out with the final goal to define appropriate FSW conditions to produce lightweight and 
cost effective structures that comply with the stringent requirements of the aeronautic 
sector, investigating the static strength, fatigue strength and techniques to improve the 
corrosion resistance of the FSW joints. 

1.2.2.- The project ecoTECH 

The work carried out in this thesis is aligned with part of the activity that LORTEK has 
performed in the project ecoTECH [34], which is a core-partner project in the frame of 
the Clean Sky 2 initiative for research and development of new technologies for future 
aircraft. ecoTECH is titled “Development of innovative and ECO-friendly airframe 
TECHnologies from design to manufacturing to improve aircraft life cycle environmental 
footprint” and its activity is included in the Airframe ITD under the contract “JTI-CS2-
2015-CPW02-AIR-01-03”. The activity is divided in 4 principal technology streams: 

• Technologies for thermoplastic composite materials 

• Technologies for thermoset composite materials 

• Technologies for metallic materials 

• Technologies for biomaterials 

This thesis is aligned with the activities for the development of technologies for metallic 
materials, where different partner institutions of ecoTECH have developed new 
technologies for joining, surface treatment and other manufacturing technologies for 
advanced airframe structures based on Third-Generation Al-Li alloys. The Table 1 shows 
the main partner institutions that have interacted with the activities of this thesis and their 
role in ecoTECH. 
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Table 1: Partner institutions and developed technologies for metallic materials in ecoTECH. 

Partner institution Role in ecoTECH – related technologies 

LORTEK 
Development of innovative joining technologies for integral 
reinforced panels, mainly FSW and LBW. Design and 
manufacturing of demonstrators. 

HAI 
Development of innovative surface treatments, mainly TFSA 
and Sol-Gel. Design and manufacturing of demonstrators. 

AKZONOBEL Development of innovative primer and top-coat formulations. 

NLR 
Corrosion testing of innovative Al-Li alloys and structures, 
mainly integral reinforced panels (including welded parts) 

IAI 
Project coordinator. Development of manufacturing 
technologies for Al-Li alloys. Design and manufacturing of 
demonstrators. 

The main goal of the partners involved in the technology stream for metallic materials in 
ecoTECH is the development of innovative metallic structures that will reduce the 
environmental impact. The work is focused on lightweight reinforced panels 
incorporating welded parts, eco-friendly surface treatments, primers and top-coats. The 
interactions between the involved technologies are under investigation, for example, the 
effects of surface treatments in welded components. So far, the aluminium alloys 
selected for these activities are the Third-Generation Al-Li alloys as shown in Table 3. 
Therefore, the activity of ecoTECH aligned with this thesis is focused on the effects of 
surface treatments such as TFSA and sol-gel in FSLW process implementation and the 
resulting joint properties for the following stringer-skin alloy combinations: 

• AA2060-T8E30 skin sheet – AA2099-T83 stringer extrusion 

• AA2198-T8 skin sheet – AA2196-T8511 stringer extrusion 
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2.- BACKGROUND AND STATE OF THE ART 

This thesis is focused on the development of the FSW technology for aeronautic 
reinforced panels made using Third-Generation Al-Li alloys, primarily by stringer-skin lap 
joints. Therefore, it is necessary to introduce the state of the art of the relevant 
technologies, which is covered in the following sections. 

2.1.- FRICTION STIR WELDING: BASIC PRINCIPLES 

Friction Stir Welding (FSW) is a solid-state continuous joining technology where a non-
consumable rotating tool plunges in the materials to be joined and creates the weld by 
softening and mixing those materials. The heat produced by the friction and the plastic 
deformation softens the materials while the rotation and traverse motion of the tool 
produces the stirring and the consolidation of the weld in the solid state (Figure 12, Figure 
13). An important feature of the FSW process is its non-symmetric nature resulting in the 
advancing and retreating side in the weld microstructure as represented in Figure 13. In 
the advancing side the tool rotation direction and the travel direction are the same while 
in the retreating side they are opposite. This has important effects in the resulting FSW 
joint properties as reflected later in this report, especially in FSW lap joints. 

The process was invented at The Welding Institute (TWI) in UK in 1991 [35] [36] and it 
has seen an extensive development and expansion since then, especially in applications 
where aluminium joining is required. Many industrial applications and technological 
advances have been developed and reported in the literature during the last two decades 
[37] [38] [39] [33] [40]. The increasing number of applications and industrial 
implementations resulted in the development of the ISO standard for FSW manufacturing 
for aluminium alloys in 2011 [41], which is currently under revision. 

 

Figure 12: Basic principle of FSW 

[41]. 

 

Figure 13: Schematic drawing of FSW 

[38]. 

Extensive details on the critical aspects of FSW technology such as FSW tool 
characteristics, joint configurations, typical joint properties, process variants, FSW 
machines and clamping systems, as well as industrial applications can be found in the 
literature. 

The FSW tool design is one of the most critical factors for the successful implementation 
of the FSW process. It is typically formed by a shoulder, that travels in contact with the 
surface of the material, and a pin or probe, which is plunged and travels immersed in the 
plasticised material. The mission of the FSW tool includes many functions such as heat 
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generation, material stirring and mixing, joint line breaking, oxide layer dispersion, 
plasticised material containment and joint consolidation, etc. The FSW tool have to show 
a good balance of hardness and toughness in order to present a sufficient wear 
resistance without fracture at the operating conditions, which involve high temperatures 
and high process loads. Some other important characteristics of FSW tools are explained 
in the literature [38] [39] [40]. 

Probes and shoulders of FSW tools with different features and designs can be used for 
FSW processes as shown in Figure 14 and Figure 15. Depending on those designs, the 
plasticised material flow induced by the FSW tool can be modified and the properties of 
the resulting joints can differ considerably. The material flow induced by conventional 
threaded probe was investigated by the authors [42] [43] [44], showing an important 
downwards-upwards vertical flow dependant on the thread’s characteristics and FSW 
parameters (Figure 16). The introduction of design features such as flats or different 
thread characteristics have been shown to modify the material flow, impacting directly in 
FSW process conditions and the properties of the resulting joints. Thus, Thomas et. al. 
found that probes featuring flats or flutes produced benefits such as FSW process force 
reduction, improvements in welding speed and joint properties [45] [46]. 

 

Figure 14: Schematic drawing of the FSW tool [38]. 

 

Figure 15: Whorl type probe design variations [39], [45]. 
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Figure 16: Material flow pattern during FSSW for threaded probes and different rotational speeds 

[43] [44]. 

FSW can be applied to a wide variety of joint configurations although the most typical 
ones are butt joints, lap joints and T-joints as shown in Figure 17. Other relevant joint 
configurations are also shown in part 2 of the ISO25239 standard, which is referred to 
the design of FSW joints [41]. It is important to remark that a good selection of tool design 
and FSW parameters is critical to obtain the desired material flow and resulting joint 
properties, which is highly dependent on the joint configuration for each application. 
Therefore, tool designs that are appropriate for butt joints may not be so for other joint 
configurations such as lap joints or T-joints, as demonstrated by researchers [45] [46]. 

 

Figure 17: Joint configurations used in FSW: Butt (left); Lap (middle); T-joint (right) [40]. 

The solid-state nature of the FSW process results in substantially different 
microstructural characteristics of the welds in comparison with other fusion-solidification 
welding technics. FSW was classified as a hot metalworking process in the solid state 
similar to an extrusion process [47] [48] and the resulting microstructures are a direct 
consequence of such a process. The typical microstructural zones that are present in 
FSW joints are shown in Figure 18 and their characteristics are well explained in the 
literature [39]: 

 

Figure 18: Transversal section of a Al-Mg-Sc FSW joint showing the typical microstructural zones 

in FSW [33]. 

• Base material (BM): Includes material far enough from the weld that has not 

suffered any deformation nor microstructural and mechanical property variation 

derived from the thermal cycle of the FSW process. 
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• Heat Affected Zone (HAZ): In this region, which is confined between the BM and 

the TMAZ, the material does not suffer any plastic deformation but its properties 

are affected by the thermal cycle of the FSW process. 

• Thermo-Mechanically Affected Zone (TMAZ): The material in this region located 

between the HAZ and the SZ suffers plastic deformation induced by the FSW tool 

as well as microstructural and mechanical property variation due to the heat 

created in the FSW process. Grains oriented in the preferential plasticised 

material flow direction and presenting large strains are typical in this zone. 

• Stir Zone (SZ): Also called Weld Nugget, corresponds with the material located 

in the zone previously occupied by the probe. The material suffers full 

recrystallization and newly formed small grains can be found typically in this zone. 

 

Figure 19: Different machine types for FSW: Aero system – courtesy of Eclipse Aviation 

Corporation (top-left); Process Development System (PDS) – courtesy of MTS Systems 

Corporation (top-right); RoboStirTM – courtesy of Friction Stirlink (bottom-left); Marine 

Aluminium FSW – courtesy of ESAB (bottom-right), [33]. 

 

Figure 20: Clamping systems for FSW: Z-stringer clamping – courtesy of MTS (left); Vacuum 

clamping fixture – Courtesy of Airbus-Bremen (right), [33]. 

Another important factor for the FSW technology is the type of machine used for the 
process. There are a number of different machines or equipment solutions for FSW 
implementation (Figure 19) that present particular technical and economic 
characteristics. The best option for FSW development and production is typically based 
on technical factors as well as the required capital investment. Each application 
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(material, thickness…) dictates the basic technical factors that have to be met by the 
FSW machine in terms of process forces, stiffness, process control and data 
management, heat management, rotational and welding speed, etc. The equipment 
solution that meets with the technical requirements and supposes the lowest capital 
investment is generally the most suitable choice for each FSW application. Thus, 
different FSW equipment solutions such as custom-built FSW machines, FSW process 
development systems, robotic arms or milling machines adapted for FSW have been 
implemented for research and production purposes during the last 2 decades of FSW 
development. 

In addition to the FSW machine, the clamping system used to position and fix the parts 
in place in the working area of the machine is a critical factor in order to get a stable FSW 
process and high quality FSW joints. Figure 20 shows an example of a clamping system 
for stringer-skin FSW joints (left), as well as a vacuum clamping system as a backing 
solution developed for skin placement and clamping (right). 

 

Figure 21: FSW applications for different industry sectors: FSW module for “Finnmarken” at 

Marine Aluminium (top-left); FSW in a Falcon 9 tank of SpaceX (top-middle); FSW side panels 

made by Sapa and used by Bombardier (bottom-left); FSW taylor welded blank for BMW and 

Land Rover (bottom-middle); Lower fuselage reinforced panel made by stringer-skin FSW at 

Eclipse Aviation (right), [33]. 

Since its invention in the 90-s, many FSW applications have been implemented in 
different industrial sectors such as marine-shipbuilding, railway, automotive, aerospace 
and aeronautic, as shown in Figure 21. The advanced manufacturing of aluminium based 
lightweight structures for transport vehicles is the common characteristic of all these 
industrial implementations. However, the employed aluminium alloys, joint 
configurations, in-service requirements and other characteristics are application specific 
and the appropriate FSW process-technology has to be developed for each case, 
including FSW tools, process parameters, clamping systems, etc. FSW practitioners 
keep all this technological knowledge carefully and critical FSW factors are not revealed 
generally. Therefore, it is necessary to generate the technological knowledge that brings 
together base materials and joint configurations, FSW process conditions and the 
properties of the resulting FSW joints for each case-application. This is the aim of this 
thesis, with the main focus on the development of FSW lap joints using innovative 
aluminium alloys for the advanced manufacturing of aircraft structures based on integral 
reinforced panels. 
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2.2.- FSW JOINTS FOR REINFORCED PANEL MANUFACTURING 

One of the most outstanding FSW applications implemented in industry is the production 
of reinforced panels for aircraft structures as shown in Figure 9, Figure 10 and Figure 21 
(right). This is achieved by performing high quality stringer-skin FSW lap joints, which 
are able to comply with the stringent requirements demanded by the aeronautic sector. 
This means that the FSW joints and structures at least must show a sufficiently high 
mechanical strength (static and fatigue), corrosion resistance and durability, among 
other requirements. Therefore, it is critical to understand the joint formation mechanisms 
in FSW lap joints in order to define the FSW process conditions that could produce the 
high-quality joints required for the aeronautic structures. 

Lap joints present particular characteristics for FSW implementation in comparison with 
the more typically used butt joints as the joint interface is horizontally oriented while this 
interface is vertical in butt joints. This has important implications in the joint formation 
mechanisms resulting in specific imperfections or defects that are associated to FSW in 
the lap joint configuration as reported by Arbegast et.al. [48]. The main characteristics 
found in FSW lap joints are: 

• Hook imperfection, which is covered in the ISO25239 standard [41], and the 

associated sheet thinning defect (see Figure 22 and Figure 23). The direct 

consequence of the hook and the sheet thinning defect is the reduction of the 

Effective Sheet Thickness (EST) of the welded parts. This generally reduces the 

joint strength. 

• Col lap defect as shown in Figure 23. The origin of this defect is the non-effective 

Al2O3 surface layer disruption and oxide dispersion in the SZ of the FSW joint. A 

larger cold lap defect reduces the Bonded Interface Width (BIW) reducing the 

joint strength. 

 

Figure 22: Representation of the hook 

imperfection in ISO25239-5 [41]. 

 

Figure 23: Principal FSW lap joint features [48]. 

 

Figure 24: Schematic representation of typical FSW lap joint characteristics. 

Figure 24 shows the main defects and characteristics typically observed in Friction Stir 
Lap Welding (FSLW). Hook imperfections can occur in the advancing and the retreating 
side, although the severity in the advancing side is generally higher. The hooks cause 
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sheet thinning defects reducing the EST and the strength of the joints. In addition to that, 
cold lap defects are also typical in FSLW reducing the BIW and the strength of the joints. 
Therefore, it is very important to avoid or minimize the hook and cold lap defects, i.e. 
large EST and BIW) in order to produce FSW joints with high strength. 

A number of researchers have reported developments and investigations carried out in 
FSLW [46] [49] [50] [51] [52] [53] [54] [55]. The main goal of these works was to optimize 
FSW process conditions in order to improve weld quality and optimize the joint strength. 
Thomas et.al. introduced especial features in FSW tools such as non-concentric probes, 
flutes and other features in order to induce a favorable material flow and increase the 
joint interface [46]. With the same purpose, Cederqvist et.al. used a double pass strategy 
combining advancing-retreating side positions in order to minimize hook and cold lap 
defect formation in FSLW with 2024 and 7075 alloys [49]. Advancing or retreating side 
loading cases in FSLW of 2198-T4 alloy were also investigated by Buffa et.al. [50], 
concluding the advancing side loading case presented better joint strength as shown in 
Figure 25. This was associated to the better metallurgical bonding at the advancing side 
and the presence of a cold lap defect at the retreating side using cylindrical, conical and 
cylindrical-conical FSW tool designs. Costa et.al. also used cylindrical and conical probe 
designs for FSLW of 5XXX and 6XXX series alloys in similar and dissimilar combinations 
[52] [53]. They concluded that unthreaded conical probes presented the better joint 
strength. Ji et.al. investigated FSLW of Alclad 2024-T4 alloy using different probe 
designs and probe lengths [54] [55]. Especial thread features provided better shear 
strength results generally and the conical partially threaded probe tip design gave the 
best results. In the study performed with conical-threaded probes of different lengths, 
they concluded that a probe tip penetration of approximately 0,2 mm showed best joint 
strength. Too short penetrations provided insufficient material mixing and too large 
penetrations resulted in important hook formation due to the material flow pattern 
induced by the tool (Figure 26). 

 

Figure 25: Advancing loading (a) and retreating loading (b) cases and the shear strength 

comparison in FSLW AA2198-T4 aluminium alloys [50]. 
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Figure 26: Tool designs, metallographic properties and proposed material flow model for FSLW of 

Alclad 2024-T4 alloy [55]. 

All the above-mentioned works were based on FSLW using aluminium sheet materials 
to produce sheet-sheet type joints. However, other researchers have investigated 
extrusion-sheet material combinations [51] [56], which are more representative for 
stringer-skin joints. 

Dubourg et.al. found that hook formation was reduced by low rotational speeds (ω) and 
high welding speeds (vw), i.e. by large weld-pitch values, using conventional cylindrical 
threaded tools not optimized for FSLW (Figure 27). The weld-pitch, also called feed ratio, 
was defined as the relation of ω and vw and indicates the distance travelled by the FSW 
tool for each revolution, which is indicative of the heat input applied on the weld. They 
also concluded that double-pass strategies overlapping the advancing sides as well as 
using counter-clockwise rotations for modifying the material flow were effective 
strategies to limit joint imperfections and increase joint strength as shown in Figure 28. 
Even the fatigue resistance of FSLW joints performed under optimum conditions 
exceeded the fatigue resistance of conventional riveted joints. From these results, it can 
be concluded that FSW tool designs and material flows that are appropriate for butt 
joints, are not directly usable for lap joints. Hence, it is necessary to adapt the material 
flow in order to limit joint imperfections and optimize the joint strength in FSLW. 

 

Figure 27: Hook and sheet thinning defects as functions of the weld-pitch [51]. 
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Figure 28: Effects of double-pass and tool rotation in the joint strength [51]. 

Huang et.al. also investigated stringer-skin type FSW joints using innovative Al-Li based 
materials such as AA2099—T83 extrusions and AA2060-T8 sheets [56]. They used a 
taper-screwed tool-probe not optimized for FSLW and consequently they reported 
difficulties to avoid defects such as hook, cold lap and cavities as shown in Figure 29. 
However, the effect of FSW parameters, i.e. ω and vw, on the defect size was found to 
be consistent with the results presented by Dubourg et.al. [51]. 

 

Figure 29: Stringer-skin joint configuration (left) and joint macrostructures showing defects [56]. 

From all the investigations and results analyzed, it is clear that tool design and welding 
parameters play a critical role in material flow and joint properties in FSLW. Appropriate 
tool designs for lap joints have to be developed and welding parameters identified in 
order to avoid or minimize defects and maximize joint strength. This was also the main 
outcome from discussions held with Gil Sylva [57], who suggested the use of flats and 
mixed thread orientations in probe designs in order to produce improved lap joint 
properties. This probe design would avoid a preferential vertical material flow limiting the 
hook formation, while providing good oxide layer disruption at the interface with good 
material mixing between the top and bottom parts. Therefore, one of the challenges of 
the proposed work is to develop appropriate FSW tools for FSLW and investigate the 
properties of the joints produced by them. 

CHALLENGE 1: Develop FSW tool designs appropriate for lap joints and evaluate FSLW 
joint properties. 

In order to improve the durability and corrosion resistance, aeronautic structures of 
aluminium are typically subjected to several surface treatments as shown in Figure 30. 
Anodizing processes such as Chromic Acid Anodizing (CAA) have been widely applied 
although currently other anodizing technics such as Thin Film Sulfuric Anodizing (TFSA) 
or even Sol-Gel procedures are under development. The main goal of these new surface 
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treatments is the elimination of Cr and develop more environmental friendly processes. 
The main purpose of the anodizing processes is to generate a porous oxide layer at the 
surface to improve the attachment and adhesion of the primers and top-coats. 
Furthermore, stringer-skin lap joints are unfavorable locations where corrosion 
mechanisms can easily occur due to the crevices formed between stringers and skins. 
In order to prevent these corrosion issues at the crevices, polymeric sealants are typically 
applied at stringer-skin interfaces. 

 

Figure 30: Schematic of typical surface treatments applied in aluminium parts to protect against 

corrosion in aeronautic structures. 

In order to produce stringer-skin FSLW joints that comply with the stringent requirements 
demanded for the aeronautic structures, corrosion protection of the joints has to be 
considered. Thus, it is necessary to combine strategies such as anodizing, sol-gel and 
sealant application on aluminium components and lap joint interfaces with the FSLW 
process. The effects of several surface treatments on the properties of Refill Friction Stir 
Welded (RFSSW) joints ware investigated by Fukada et.al. [58]. They observed that joint 
strength was reduced to some extent in comparison with joints performed with untreated 
aluminium, as shown in Figure 31. The reduction in strength was highly dependent on 
the surface treatment applied. 

 

Figure 31: Reduction in joint strength depending on the applied surface treatments and aluminium 

oxide entrapments in the crack opening region [58]. 

Gibson et.al. investigated the effects of sealant application in the overlapped interface of 
2198-T8 Al-Li alloy sheets and subsequent FSLW process application [59]. Although 
some inconsistencies in fracture modes were observed, they concluded that the 
reduction in joint strength referred to the sealant application was minor (Figure 32), 
claiming for the suitability of applying FSLW combined with sealant application. Doering 
et.al. also investigated the FSLW joint mechanical properties incorporating sealants in 
the interfaces of joints [60]. They concluded that the effects in tensile strength and fatigue 
properties were negligible if the selection of the applied sealant was correct. 
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Figure 32: Effect of sealant application on FSLW joint strength [59]. 

Brown et.al. investigated the effects of sealants and several surface treatments on the 
properties of joint performed by Swept FSSW [61]. They concluded that sealants could 
be successfully applied in combination with the Swept FSSW process. The sealants 
produced a small reduction in the joint strength of each individual spot weld under static 
and fatigue loads, as shown in Figure 33. The effects of the surface treatments were 
found to be more important resulting in more severe joint strength reductions. 

 

Figure 33: Static and fatigue strength results of Swept FSSW joints with sealants and several 

surface treatments [61]. 

From the discussion of these results, it can be concluded that the application of sealants 
and surface treatments can be successfully combined with the FSLW process with the 
main goal of increasing the corrosion resistance of the lap joints and the overall 
aluminium reinforced structures. However, it is critical to understand the effects of 
sealants and surface treatments on the resulting FSLW joint properties. Therefore, the 
study of FSLW combined with sealants and surface treatment application (focusing on 
Cr-free innovative treatments such as TFSAA or sol-gel coatings) will be another 
challenge of this work. 

CHALLENGE 2: Investigate the effects of sealant and surface treatments combined with 
the FSLW process and properties of the resulting joints. 

One of the disadvantages of the lap joint configuration is the presence of the crevices 
that can be critical zones acting as corrosion initiation points. In addition to that, particular 
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joint imperfections of FSLW joints are difficult to avoid completely. Thus, other joint 
configurations such as T-joints [62] [63] [5] [64]and corner joints [65] have been proposed 
with the potential for application in stringer-skin joining for reinforced panel 
manufacturing of aeronautic structures. 

Biallas et.al. investigated the feasibility of T-joints produced by FSW for stringer-skin type 
joints using 2024 and 2098 aluminium alloys [63]. They showed the feasibility of the 
process to produce such joints successfully even producing a 2mm radius in the fillet 
region of the welds as shown in Figure 34. Specific FSW tool designs and welding 
parameters had to be developed to optimize the weld quality for each alloy combination, 
which were substantially different from T-joints performed in 6XXX alloy skins [62]. In 
any case, an inherent notch effect was observed in the fillet region for T-joints produced 
with this joint configuration (Figure 34 – left). 

 

Figure 34: Schematic of T-joints by FSW (left) and macrographs of the T-joints produced with 

2024 and 2098 alloys [63]. 

 

Figure 35: Joint design solutions for T-joints produced by FSW [5] [64]. 

Tavares et.al. also investigated T-joints by FSW using AA7075-T6 aluminium alloy 
sheets [5]. They proposed different types of joint configurations for T-joint production as 
shown in Figure 35. They concluded that using the case (c) joint configuration it was 
possible to avoid the notch effects at the corner region and produce defect free welds. 
However, FSW tool design, welding parameters and a careful FSW process control had 
to be developed in order to avoid defects at the corner region produced by a lack of 
penetration. 

Another FSW process alternative for T-joint production was presented by Martin et.al 
[65]. This alternative was the Corner Stationary Shoulder FSW (SSFSW) technique that 
consisted of a rotating probe located in a non-rotating shoulder shaped to the internal 
corner of the plates to be welded, as shown in Figure 36 – left. They concluded that it 
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was possible to achieve an excellent weld quality and components with low distortion in 
T-joints produced using a combination of 8 mm thick AA7075-T6 and AA2014-T6 
aluminium alloys. However, the feasibility of the process for thinner aluminium materials 
was not demonstrated and it is a major challenge. 

 

Figure 36: T-joints produced by the Corner SSFSW technique [65]. 

Parts manufactured by introducing T-joints or corner joints present obvious advantages 
overlap joints in terms of corrosion resistance. The absence of the crevices reduces the 
risks of corrosion initiation regions considerably, facilitates the application of anodizing 
or similar surface treatment processes and eliminates the need of any sealant 
application. However, the FSW process implementation is more complex in T-joins and 
corner joints than in lap joints. It is not clear which joint configuration is the best option 
for reinforced panel manufacturing by FSW implementation and all considered options 
have to be investigated in order to evaluate each case. Therefore, this work will 
investigate the feasibility of T-joints or corner joints produced by FSW in addition to the 
previously discussed lap joints. 

 

2.3.- NEW ALUMINIUM-LITHIUM ALLOYS FOR INNOVATIVE AIRCRAFT 
STRUCTURES 

Aluminium alloys have been the dominant materials for the manufacturing of structural 
parts of aircrafts for more than 80 years. Although composite materials have been 
introduced in large commercial aircraft structures in the last decade, aluminium alloys 
remain important in airframe construction. Important advances have been achieved in 
aluminium alloy development so they can compete with composite materials. The low 
manufacturing and maintenance costs are the main advantages of aluminium alloys over 
composite materials and the latest developments in aluminium alloys have focused on 
weight reduction as well as mechanical and corrosion property improvements. Thus, one 
of the most important advances in modern aluminium alloys has been the development 
of new aluminium-lithium (Al-Li) alloy families [10] [66] [67]. 

Al-Li alloys are attractive for aerospace applications due to their reduced density and 
higher modulus than conventional aluminium alloys used in aerospace. Each weight 
percent of lithium lowers the density of aluminium by approximately 3% and increases 
the modulus by approximately 6% [10] [68]. Early developments resulted in the First-
Generation and Second-Generation Al-Li alloys, which contained relatively large Li, Cu 
and other alloying element quantities, as shown in Table 2. This led to a complex 
precipitate structure during ageing of Al-Cu-Li-X alloy families that resulted in undesirable 
mechanical performance of the First-Generation and Second-Generation Al-Li alloys and 
their usage in airframe structures was consequently limited. The major problems 
associated to Second-Generation Al-Li alloys were high anisotropy of mechanical 
properties that was related to sharp crystallographic textures, low short transverse 
properties, crack deviations and delamination problems during manufacture of parts. 
Low ductility and fracture toughness produced by strain localization issues was one of 
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the problems that had to be addressed for the development of Third-Generation Al-Li 
alloys. 

Table 2: Compositions of selected Second-Generation Aluminium-Lithium Alloys (wt%) [10]. 

Alloy Li Cu Mg Si Fe Zr 
Specific 
Gravity 

2090 1.9-2.6 2.4-3.0 0.25 0.10 0.12 0.08-0.15 2.60 

2091 1.7-2.3 1.8-2.5 1.1-1.9 0.20 0.30 0.04-0.10 2.58 

8090 2.1-2.7 1.0-1.6 0.6-1.3 0.20 0.30 0.04-0.16 2.53 

8091 2.4-2.8 1.8-2.2 0.5-1.2 0.30 0.5 0.08-0.16 2.54 

8092 2.1-2.7 0.5-0.8 0.9-1.4 0.10 0.15 0.08-0.15 2.53 

8192 2.3-2.9 0.4-0.7 0.9-1.4 0.10 0.15 0.08-0.15 2.51 

Table 3: Chemical Composition of some Third-Generation Al-Li alloys (wt%) [10]. 

Alloy Li Cu Mg Ag Zr Mn Zn 

2060 0.75 3.95 0.85 0.25 0.11 0.3 0.4 

2099 1.8 2.7 0.3 - 0.09 0.3 0.7 

2198 1.0 3.2 0.5 0.4 0.11 0.5 max 0.35 max 

2196 1.75 2.9 0.5 0.4 0.11 
0.35 
max 

0.35 max 

The large content of Li (~2%) and low content of Cu of the Second-Generation Al-Li 
alloys was very interesting as the resulting density was in the range 2.51-2.60 g/cm3, 
approximately 8-10% less than conventional 2XXX and 7XXX alloys. Unfortunately, 
lithium contents above 2% resulted in technical problems such as anisotropy, low 
toughness, poor corrosion resistance and manufacturing issues (hole cracking and 
delamination during drilling). In Third-Generation Al-Li alloys Li concentrations were 
reduced to 0.75-1.8% (Table 3) resulting in densities in the range of 2.63-2.72 g/cm3, 
approximately 2-8% less than conventional alloys. Although density reductions are more 
limited than in Second-Generation Al-Li alloys, the problems shown by these were 
overcome by the Third-Generation Al-Li alloys. The higher Cu/Li ratio and the reduced 
Li content (Figure 37) led to a more controlled precipitate and phase distribution in the 
microstructure, which results in improved mechanical and corrosion resistance 
properties. Thus, the Third-Generation Al-Li alloys represent a well-balanced, lightweight 
and high-performance aluminium alloy family, which has found a wider application in 
airframe structures. A clear proof of the success in the development of Third-Generation 
Al-Li alloys is the launch by the aluminium producers of alloy families specific for the 
aerospace market such as the Airware ® family by Constellium [67]. 
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Figure 37: Li and Cu concentrations in some Third-Generation Al-Li alloys (left) [66], (right) [67]. 

 

Figure 38: Material property improvements for AA2198-T8 sheet (left) andAA2196-T8511 

extrusions (right) over current solution AA2024-T3511 for fuselage and wing applications [67]. 

Figure 38 shows the improvements in the properties of the AA2198-T8 Al-Li developed 
for fuselage or wing skin sheets as well as the AA2196-T8511 extrusions developed for 
fuselage or wing stringers by Constellium. Similar materials have been developed also 
by Alcoa-Arconic such as the AA2060-T8E30 skin sheet and the AA2099-T83 stringer 
extrusions. These materials represent new opportunities for reinforced panel 
manufacturing in the aeronautic sector, along with innovative joining technologies such 
as LBW and FSW, which have been identified as promising alternative joining 
technologies to riveting for Al-Li alloys [10] [66]. Therefore, this work will focus on 
achieving the successful implementation of the FSLW process in stringer-kin joints with 
the selected alloys as shown in Table 3. 

CHALLENGE 3: FSLW process developments for AA2060, AA2198, AA2099, AA2196 
aluminium alloy sheets and extrusions. 
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3.- OBJECTIVES, HYPOTHESIS AND METHODOLOGY 

3.1.- OBJECTIVES 

The main objective of the work carried out in this thesis was to investigate the potential 
of FSW technology to be implemented in the manufacturing of integral reinforced panels 
for aircraft structures made of Third-Generation Al-Li alloys, by testing the static and 
fatigue properties of representative FSW joints produced under relevant manufacturing 
conditions to ensure high corrosion resistance. 

In order to accomplish this main objective, the following specific objectives were 
established: 

1. Develop FSW tools with improved design to avoid or minimize characteristic 

imperfections that can be found in lap joints. 

2. Perform FSW tests and create stringer-skin joints with the selected AA2060-

T8E30, AA2099-T83, AA2198-T8 and AA2196-T851 Al-Li alloys. 

3. Perform FSW tests and create stringer-skin joints with the above-mentioned 

alloys including sealant at the stringer-skin interface; and with surface treated 

aluminium alloys. 

4. Perform an extensive FSW joint characterisation including microstructural 

examination, static and fatigue strength analysis. 

5. Investigate the effects of FSW tool design, welding parameters, sealants and 

surface treatments on joint formation mechanisms, joint imperfections and the 

resulting joint properties. 

6. Conclude on the potential of FSW technology for the manufacturing of advanced 

aircraft structures and define required manufacturing conditions. 

 

3.2.- HYPOTHESIS 

The following hypothesis were raised and checked by the work carried out in this thesis: 

Hypothesis 1: FSW tool probes featuring mixed thread orientations and flats produce 
smaller hook sizes than conventional threaded probes in lap joint configurations and this 
is beneficial for the mechanical performance of FSW joints. 

Hypothesis 2: FSLW over anodized and sol-gel treated components is possible 
obtaining consistent strength values. However, the mechanical performance can be 
reduced due to a non-effective dispersion of remnants from these surface treatments. 

Hypothesis 3: FSW using sealants is possible obtaining consistent strength values. 
However, the mechanical performance can be lower due to the generation of defects 
caused by these organic compounds. 

Hypothesis 4: FSW of anodized and sol-gel treated components using sealants in 
critical areas (crevices, matching surfaces) is an effective solution for corrosion 
protection of FSW aircraft structures. 
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Hypothesis 5: Aircraft structures manufactured by Third-Generation Al-Li alloys and 
FSW technology can effectively reduce their weight resulting in reductions in fuel 
consumption, dangerous emissions and manufacturing costs. 

 

3.3.- METHODOLOGY 

3.3.1.- Performed work 

Once established the general objectives and hypothesis of the proposed research work, 
this chapter outlines the methodology followed and the work carried out for the 
completion of the thesis. The work was divided in 4 main phases with associated tasks, 
which are detailed next: 

 

Phase 1. FSW tests in lap joint configuration by several tool-probe designs 

The initial phase was focused on performing FSW tests in lap joint configuration using 
different tool-probes designed to provide desired joint characteristics after welding. The 
main approach was based on tool-probes featuring different thread-flat designs that were 
expected to improve joint properties by controlling vertical material flow. The used base 
materials were mainly the AA2060 or AA2198 aluminium alloys for sheet material and 
AA2099 or AA2196 aluminium alloys as extruded materials. 

The following tasks were defined for the completion of this phase: 

Task 1.1. Definition and manufacturing of FSW tool-probe designs: Different tool-
probe designs were proposed and manufactured. These tool-probes were used in the 
subsequent FSW tests. 

Task 1.2. Definition of FSW test plan: FSW test plans were defined in order to produce 
FSW joints under different processing conditions. These conditions included different 
tool-probe designs according to Task 1.1 as well as different FSW parameters such as 
rotational speed and welding speed. 

Task 1.3. Execution of the FSW test plan: The test plans defined in the previous Task 
1.2 were executed. As a result, FSW joints produced under different processing 
conditions and conclusions regarding the manufacturing of selected alloys by FSW were 
obtained. In parallel, the FSW joints were characterised as described in Task 4.1. 

 

Phase 2. FSW tests in lap joint configuration with anodized or sol-gel treated 
components 

In this phase, the base materials used in FSW tests (AA2060, AA2198, AA2099 and 
AA2196 aluminium alloys) were surface treated previously in order to improve their 
corrosion resistance and weld them in the conventional delivery state for aeronautic 
applications. The applied surface treatments were innovative Cr-free anodizing 
techniques (TFSAA) as well as alternative sol-gel based surface treatments. Their effects 
on the manufacturing of the materials by FSW were investigated. 
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For the completion of this phase, the following tasks were carried out: 

Task 2.1. Surface treatment + FSW test plan definition: A test plan for surface 
treatments of materials and FSW tests to be performed with them was created. The 
specific surface treatments that were applied, which were based on innovative anodizing 
and sol-gel technics, were selected. The FSW processing conditions were selected by 
choosing the best conditions identified in Task 1.3 and Task 4.1. 

Task 2.2. Anodizing and sol-gel treatments of the aluminium components: The 
aluminium sheet and extrusion materials were subjected to the selected surface 
treatments (Cr-free anodizing and sol-gel treatments). These activities were supported 
by mainly two partners within the project ecoTECH, HAI and AKZONOBEL. As a result, 
surface treated materials were prepared for subsequent FSW tests. 

Task 2.3. Execution of the FSW test plan: The test plan defined in Task 2.1 was 
executed with the materials prepared in Task 2.2. Thus, components manufactured by 
FSW using surface treated materials were produced as a result of this task. The effects 
of surface treatments on FSW manufacturing were investigated and surface treated + 
FSW components were obtained for their characterisation in Task 4.2. 

 

Phase 3. FSW tests in lap joint configuration with sealants 

The activities of this phase were conducted to the realisation of FSW tests and joints 
using the base materials mentioned before (AA2060, AA2198, AA2099, AA2196) and 
placing a sealant layer in the overlapped joint. The purpose of placing this interlayer was 
to improve the corrosion protection of the lap joints although it could result in damage of 
joint properties. Thus, the effects of the sealant application on the FSW joint properties 
was investigated in this phase. 

For the completion of this phase, the following tasks were carried out: 

Task 3.1. Selection of sealants: A survey of sealant types with potential for application 
in lap joints in combination with FSW processing was made and the most promising 
sealants were selected. 

Task 3.2. Execution of FSW tests with sealant application: FSW tests were 
performed with the aluminium materials and placing the sealants selected in Task 3.1 in 
the interface between the extrusions and the sheets. Thus, components produced by 
FSW having a sealant in the interface were obtained for their characterisation in Task 
4.3. In addition to that, the feasibility of using sealants combined with FSW processing 
was investigated. 

 

Phase 4. Characterisation of FSW joints 

The activities within this phase were directed to the characterisation of the FSW joints 
produced using extrusions and sheets of the selected aluminium alloys, which were 
AA2060 and AA2198 rolled sheet materials as well as AA2099 and AA2196 extrusion 
materials. The characterisation was carried out by several laboratory tests including 
metallographic examination, mechanical testing and corrosion tests. 
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For the completion of this phase, the following tasks were carried out: 

Task 4.1. Characterisation of FSW joints performed using several tool designs: 
The properties of FSW joints produced in Task 1.3 using different tool-probes and 
welding parameters were investigated. The characterisation included microstructural 
examination tests as well as mechanical strength tests (static and dynamic) in the as 
welded condition and after corrosion testing too. SEM characterisation of specific joint 
characteristics and fracture surfaces were carried out. The analysis and conclusions 
obtained upon the completion of this characterisation activity resulted in a selection of 
favourable FSW processing conditions that were used for later FSW tests. In addition to 
that, design values for FSW joints were obtained. 

Task 4.2. Characterisation of FSW joints with anodized or sol-gel treated 
components: Similar characterisation tests as in Task 4.1 were performed with FSW 
joints produced in Task 2.3 in order to investigate their properties. The obtained results 
served as point of comparison with results obtained in Task 4.1. Thus, the influence of 
surface treatments on FSW joint properties was investigated and design values for FSW 
joints made with surface treated materials were obtained. 

Task 4.3. Characterisation of FSW joints with sealants: The FSW joint properties of 
the components obtained in Task 3.2 was characterised. The characterisation tests were 
equivalent to those used in Task 4.1 and 4.2 so that a comparative analysis of joint 
properties was performed. As a result, the design values of FSW joints combined with 
sealant application were obtained. 
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4.- ARTICLE 1: FRICTION STIR WELDING OF LAP JOINTS: 
PROCESS PARAMETERS AND JOINT PROPERTIES 

 

[69] E. Aldanondo, E. Arruti, P. Alvarez and A. Echeverria, “Friction Stir Welding of lap 
joints: Process parameters and joint properties,” in 2nd International Conference on 
Technical Advances in Friction Stir Welding and Processing - FSWP2012, Saint Etienne 
(France), 2012. 

 

This was the first work carried out by us with FSW technology applied to lap joint 
configurations. The work was performed using the AA6082-T6 aluminium alloy and 
several tool designs and welding parameters were employed to produce the welds. The 
main objective of the work was to investigate the effects of these parameters on 
mechanical properties and to correlate them with microstructural features of the welds. 
We concluded that the properties of FSLW joints were significantly influenced by the tool 
design and the welding parameters. 

The work was presented in the 2nd International Conference on Technical Advances in 
Friction Stir Welding and Processing - FSWP2012 in Saint Etienne (France) and it was 
published in the conference book as an extended abstract. 
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5.- ARTICLE 2: MECHANICAL AND MICROSTRUCTURAL 
PROPERTIES OF FSW LAP JOINTS 

 

[70] E. Aldanondo, E. Arruti, P. Alvarez and A. Echeverria, “Mechanical and 
microstructural properties of FSW lap joints,” in 142nd Annual Meeting & Exhibition 
TMS2013 - Friction Stir Welding and Processing VII, San Antonio (USA), 2013. 

 

The mechanical and macrostructural properties of FSLW joints were investigated in this 
work. FSLW joints were produced using different welding parameters and FSW tool 
designs. The mechanical strength of the welds was studied using the AA6082-T6 alloy, 
while the dissimilar combination using AA6082-T6 and AA5754-H22 was employed to 
analyse the plasticised material flow and joint formation mechanisms. The selection of 
different aluminium alloys was particularly helpful to understand the flow of the 
plasticised material during FSLW. We concluded that it was possible to change the 
properties of the FSLW joints using specific welding parameters and especially FSW tool 
designs. We learnt that typical tool designs used for butt joint configurations were not 
appropriate for lap joint configurations. 

The work was presented in the 142nd Annual Meeting & Exhibition TMS2013 - Friction 
Stir Welding and Processing VII in San Antonio (USA) and the article was published in 
the conference book. 
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6.- ARTICLE 3: THE ROLE OF THE TOOL DESIGN IN 
PROPERTIES OF FRICTION STIR WELDED LAP JOINTS 

 

[71] E. Arruti, J. Sarasa, E. Aldanondo and A. Echeverria, “The role of the tool design in 
properties of friction stir welded lap joints,” in 11th International Symposium on FSW, 
Cambridge (UK), 2016. 

 

In this work, we investigated the properties of FSLW joints produced using a dissimilar 
combination of aluminium alloys, a AA6063-T5 extrusion on top of a AA2024-T3 rolled 
sheet. It was the first approach to the concept of manufacturing reinforced structures 
using high strength aluminium alloys typically used in the aeronautic sector. A robotic 
FSW system was used for the first time with capabilities for the manufacturing of real 
aircraft structures with curved shapes and non-linear welding tracks. Similar to the 
previous works, it was concluded that the joint properties were largely influenced by the 
FSW tool design and welding parameters. The new FSW tool design proposed for the 
manufacturing of FSLW joints was introduced for the first time, having three flats and a 
mixed thread. 

The work was presented in the 11th International Symposium on FSW in Cambridge 
(UK) and the article was published in the conference proceedings. 
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7.- ARTICLE 4: MICROSTRUCTURAL FEATURES IN FRICTION 
STIR WELDED LAP JOINTS 

 

[72] E. Aldanondo, E. Arruti, J. Sarasa and A. Echeverria, “Microstructural features in 
Friction Stir Welded lap joints,” in 10th International Conference on Trends in Welding 
Research and 9th International Welding Symposium of Japan Welding Society, Tokyo 
(Japan), 2016. 

 

In this work, further investigation was carried out on FSLW joint manufacturing using high 
strength aluminium alloys typically used in the aeronautic sector. In this occasion, the 
AA7075-T6 alloy was employed to produce the welds and a direct comparison between 
welds produced with a standard tool and the new design proposed for lap joints was 
carried out. We concluded that the new tool design proposed by us was able to minimize 
defects typically found in FSLW joints such as hooks and cold lap defects. 

The work was presented in the 10th International Conference on Trends in Welding 
Research and 9th International Welding Symposium of Japan Welding Society in Tokyo 
(Japan) and the article was published in the proceedings of the symposium. 

 

  



 

- 55 - 

 

 

  



 

- 56 - 

 

 

  



 

- 57 - 

 

 

  



 

- 58 - 

 

 

 



 

- 59 - 

8.- ARTICLE 5: FRICTION STIR WELD LAP JOINT PROPERTIES 
IN AERONAUTIC ALUMINIUM ALLOYS 

 

[73] E. Aldanondo, E. Arruti and A. Echeverria, “Friction Stir Weld lap joint properties in 
aeronautic aluminium alloys,” in Friction Stir Welding and Processing X, in proceedings 
of the 148th Annual Meeting & Exhibition TMS2017, San Diego (USA), 2017. 

 

A continuation of the work published in the previous article was carried out in this 
additional investigation. The properties of FSLW joints produced using the AA7075-T6 
alloy were studied in this article as added scientific contribution. We concluded that the 
new FSW tool design proposed for lap joints could produce welds with improved 
properties in a wider welding parameter window than the tools with a conventional 
design. 

This work was presented in the Friction Stir Welding and Processing X session of the 
148th Annual Meeting & Exhibition TMS2017 in San Diego (USA) and the article was 
published in the conference book. 
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9.- ARTICLE 6: DEVELOPMENTS IN STRINGER-SKIN LAP 
JOINTS BY FSW 

 

[74] E. Aldanondo, E. Arruti, I. Quintana and J. Valer, “Developments in stringer-skin lap 
joints by FSW,” in 12th International Symposium on FSW, Chicoutimi-Quebec (Canada), 
2018. 

 

The work published in this article was another step to the concept of manufacturing of 
reinforced panels for the aeronautic sector using FSW technology. High strength 
aluminium alloys typically used in the aeronautic sector were used to produce the FSLW 
joints. The specific materials were a AA7050-T7651 extrusion on top of a AA2024-T3 
and a AlcladAA7475-T761 rolled sheets. The feasibility of a robotic FSW system to 
produce these welds was also investigated. We concluded that it was possible to obtain 
high-quality FSLW joints with the mentioned alloys, even with the clad layer, in the robotic 
FSW system and using the new tool design with three flats and mixed thread. 

This work was presented in the 12th International Symposium on FSW in Chicoutimi-
Quebec (Canada) and the article was published in the proceedings of the symposium. 
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10.- ARTICLE 7: INFLUENCE OF PIN IMPERFECTIONS ON THE 
TENSILE AND FATIGUE BEHAVIOUR OF AA7075-T6 FRICTION 
STIR LAP WELDS 

 

[75] M. Balakrishnan, C. Leitao, E. Arruti, E. Aldanondo and D. M. Rodrigues, “Influence 
of pin imperfections on the tensile and fatigue behaviour of AA7075-T6 friction stir lap 
welds,” The International Journal of Advanced Manufacturing Technology, pp. Published 
online - 23 May 2018, 2018. 

 

A deeper investigation of the mechanical properties of FSLW joints produced using the 
AA7075-T6 aluminium alloy was performed in this work. Static tensile strength as well 
as fatigue strength of the FSLW joints was investigated with welds produced using 
different tool designs simulating pin imperfections and welding parameters. This was the 
first approach to the investigation of fatigue performance of these type of welds. We 
concluded that for base materials above three millimetres in thickness, it was necessary 
to use tool designs with larger flat features in order to improve the properties of the FSLW 
joints significantly. 

This article was published in the journal “The International Journal of Advanced 
Manufacturing Technology”. 
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11.- ARTICLE 8: FRICTION STIR WELDING OF LAP JOINTS 
USING NEW AL-LI ALLOYS FOR STRINGER-SKIN JOINTS 

 

[76] E. Aldanondo, E. Arruti, A. Echeverria and I. Hurtado, "Friction stir welding of lap 
joints using new Al-Li alloys for stringer-skin joints," in Friction stir welding and 
processing X, Cham (Switzerland), The Minerals, Metals & Materials Series; Springer, 
2019, pp. 77-88. 

 

The work published in this article was the first we performed using Al-Li alloys of the third 
generation, which is the main focus of the thesis. AA2099-T83 extrusions and AA2060-
T8E30 sheets were used to produce FSLW joints due to their excellent balance of high 
strength and low density. This work supposed a further important step towards the 
manufacturing concept of lightweight aeronautic fuselage structures using FSW 
technology and Al-Li alloys. A comparison of the properties of FSLW joints produced 
using different welding parameters and tool design was carried out. We concluded that 
the new FSW tool design with three flats and mixed thread that we proposed for lap joints 
could produce welds with improved properties, also in FSLW joints produced using Al-Li 
alloys. 

This work was presented in the Friction Stir Welding and Processing X session of the 
148th Annual Meeting & Exhibition TMS2019 in San Antonio (USA) and the article was 
published in the conference book. 
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12.- ARTICLE 9: EFFECT OF TOOL GEOMETRY AND WELDING 
PARAMETERS ON FRICTION STIR WELDED LAP JOINT 
FORMATION WITH AA2099-T83 AND AA2060-T8E30 ALUMINIUM 
ALLOYS 

 

[77] E. Aldanondo, J. Vivas, P. Álvarez y I. Hurtado, «Effect of tool geometry and welding 
parameters on friction stir welded lap joint formation with AA2099-T83 and AA2060-
T8E30 aluminium alloys,» Metals, vol. 10, nº 872, 2020. 

 

In this work, further investigation was performed in order to understand better the 
plasticised material flow and weld formation mechanisms in the manufacturing of FSLW 
joints using AA2099-T83 (extrusion) and AA2060-T8E30 (sheet) Al-Li alloys. A welding 
parameter optimisation was carried out and the conditions resulting in high-quality FSLW 
joints were defined. The benefits of the proposed FSW tool design for lap joints having 
three flats and mixed thread were confirmed. 

This article was the first of the three articles that are to be considered for the completion 
of the thesis as a compendium of publications. It was published in the journal “Metals”. 
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13.- ARTICLE 10: FRICTION STIR WELDING OF AA2099-T83 AND 
AA2060T8E30 ALUMINIUM ALLOYS WITH NEW CR-FREE 
SURFACE TREATMENTS AND SEALANT APPLICATION 

 

[78] E. Aldanondo, J. Vivas, P. Álvarez, I. Hurtado y A. Karanika, «Friction stir welding 
of AA2099-T83 and AA2060-T8E30 aluminium alloys with new Cr-free surface 
treatments and sealant application,» Metals, vol. 11, nº 644, 2021. 

 

Having optimised the welding process parameters and tool design resulting in high-
quality FSLW joints between selected Al-Li alloys in the as-delivered condition, in this 
work we investigated the feasibility to produce FSLW joints using those base materials 
with innovative surface treatments, as well as sealant in the joint interface. Cr-free 
TFSAA and Sol-Gel treatments were applied to the AA2099-T83 extrusions and AA2060-
T8E30 sheets by HAI and FSLW joints were produced using the previously optimised 
welding conditions. A sealant typically used to improve the corrosion resistance of the 
joints in aeronautic structures was also applied in the overlapping interface of the joints 
before the FSW process. The properties of the FSLW joint were investigated and 
compared to the properties of the joints produced without any surface treatment nor 
sealant application. We concluded that it is feasible to produce good quality FSLW joints 
using surface treated Al-Li alloys and applying a sealant in the overlapping interface, we 
did not observe significant variations in the mechanical properties. These conclusions 
opened the possibility for manufacturing lightweight and corrosion resistant structures 
for the aeronautic sector using FSW technology. 

This article was the second of the three articles that are to be considered for the 
completion of the thesis as a compendium of publications. It was published in the journal 
“Metals”. 
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14.- ARTICLE 11: FRETTING FATIGUE AS A LIMITING FACTOR 
ON THE DURABILITY OF FRICTION STIR WELDED LAP JOINTS 
USING AA2099-T83 AND AA2060-T8E30 ALUMINIUM ALLOYS 

 

[79] E. Aldanondo, O. Zubiri, J. Vivas, P. Álvarez y I. Hurtado, «Fretting fatigue as a 
limiting factor on the durability of friction stir welded lap joints using AA2099-T83 and 
AA2060-T8E30 aluminium alloys,» Journal of Manufacturing and Materials Processing, 
vol. 6, nº 94, 2022. 

 

The fatigue performance and the influences of surface treatments and sealants in the 
FSLW joints produced using AA2099-T83 and AA2060-T8E30 alloys were investigated 
in this work. FSLW joints were produced using optimised welding conditions and tested 
under hoop-stress loading conditions in order to investigate their fatigue performance. 
Two different fracture modes were identified, and the fretting fatigue was observed to be 
the limiting factor for the fatigue life of FSLW joints tested under low stress levels and 
high number of cycles. We concluded that the surface treatments and the sealant applied 
in the FSLW joints reduced the severity of fretting fatigue effects and extended the 
fatigue life of the joints. These conclusions supposed another important step to open the 
possibility for manufacturing lightweight and corrosion resistant structures for the 
aeronautic sector using FSW technology and Third-Generation Al-Li alloys. 

This article was the third of the three articles that are to be considered for the completion 
of the thesis as a compendium of publications. It was published in the journal “Journal of 
Manufacturing and Materials Processing”. 
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15.- SUMMARY OF RESULTS, CONCLUSIONS AND FUTURE 
LINES 

15.1.- SUMMARY OF RESULTS 

The main results of this thesis are summarized in this chapter. The results are divided in 
two sections: 

• Initial results: This section summarizes the results obtained in the previous 

investigations which were carried out before the presentation of the research 

project proposed to complete the thesis and employing conventional aluminium 

alloys. These results are a summary of the articles 1-7 presented in chapters 4-

10 of this thesis and are discussed in section 15.1.1. 

• Main results: The main results leading to the completion of the thesis are a 

summary of articles 8-11 reported in chapters 11-14. These results represent the 

core of the work carried out during the execution of the research project proposed 

to complete the thesis and are reported in section 15.1.2. 

All these results are focused on the FSW process development and characterisation 
studies of joints produced in the overlap configuration using different aluminium alloys. 
The basic details of work performed in each of the articles included in this thesis are 
summarised in Table 4. The three articles considered for the completion of the thesis as 
a compendium of publications are highlighted in yellow and the fourth complementary 
article is highlighted in green: 

Table 4: Summary of the work performed and published in each article. 

 
Al alloys Tool design 

Studied phenomena 
Characterisation tests 

Article 1 AA6082-T6 
• Cylindrical threaded 

• Cylindrical non-threaded 

• Tool probe design/length 

• Welding parameters 

• Metallographic examination 

• Static tensile shear strength 

Article 2 AA6082-T6/AA5457-H22 
• Cylindrical threaded 

• Cylindrical non-threaded 

• Tool probe design/length 

• Welding parameters 

• Material flow 

• Metallographic examination 

• Static tensile shear strength 

Article 3 AA6063-T5/AA2024-T3 

• Cylindrical threaded 

• Three flats + mixed thread 

• Triflute thread 

• Tool probe design 

• Welding parameters 

• Material flow 

• Metallographic examination 

• Static tensile shear strength 

• Static tensile tests (hoop stress) 

Article 4 AA7075-T6 
• Cylindrical threaded 

• Three flats + mixed thread 

• Tool probe design 

• Welding parameters 

• FSW process data 

• Metallographic examination 

• Lap joint metallurgical features 

Article 5 AA7075-T6 
• Cylindrical threaded 

• Three flats + mixed thread 

• Tool probe design 

• Welding parameters 

• Metallographic examination 

• Lap joint metallurgical features and 
defects 

• Microhardness analysis 
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Article 6 
• AA7050-T7651 

• AA2024-T3 

• Alclad AA7475-T761 

• Cylindrical threaded 

• Three flats + mixed thread 

• Tool probe design 

• Welding parameters 

• Metallographic examination 

• Lap joint metallurgical features and 
defects 

• Microhardness analysis 

• Static pull-out strength 

Article 7 AA7075-T6 
• Cylindrical threaded 

• Three flats + conventional 
thread 

• Tool probe design 

• Welding parameters 

• Metallographic examination 

• Lap joint metallurgical features and 
defects 

• Estimation of Tº 

• Effects of post-weld heat treatment 

• Microhardness analysis 

• Static tensile-shear strength 

• Fatigue strength (tensile shear load) 

Article 8 AA2099-T83/AA2060-T8E30 
• Cylindrical threaded 

• Three flats + mixed thread 

• Tool probe design 

• Welding parameters 

• Metallographic examination 

• Lap joint metallurgical features and 
defects 

• Microhardness analysis 

• Static pull-out strength 

Article 9 AA2099-T83/AA2060-T8E30 
• Cylindrical threaded 

• Three flats + mixed thread 

• Tool probe design 

• Welding parameters 

• Metallographic examination 

• Material flow 

• Lap joint metallurgical features and 
defects 

• FSW process data 

Article 10 AA2099-T83/AA2060-T8E30 • Three flats + mixed thread 

• FSW process data 

• Metallographic examination 

• Lap joint metallurgical features and 
defects 

• SEM+EDS analysis 

• Effects of surface treatments 

• Effects of sealant 

• Static pull-out strength 

Article 11 AA2099-T83/AA2060-T8E30 • Three flats + mixed thread 

• Tool probe design 

• Static tensile strength 

• Fatigue strength (tensile shear load) 

• Microhardness analysis 

• Metallographic examination 

• SEM+EDS analysis 

• Fracture mode analysis 

• Effects of surface treatments 

• Effects of sealant 

 

15.1.1.- Initial results 

Initial work was performed and reported by the author related to FSW technology 
investigations in lap joint configuration [69] [70] [71] [72] [73] [74] [75]. The results 
obtained from this work were published in several articles before starting the work 
proposed for the research project of this thesis. These articles are included in this thesis 
as articles 1-7 in chapters 4-10, because the obtained conclusions were relevant for the 
selection of the FSW tool design and welding parameters for the targeted Al-Li alloys. 
Moreover, the experimental approach, testing and validation tasks were comparable, 
and they enabled the understanding of the underlaying physical phenomena. 

Initial investigations in FSLW were carried out with AA6082-T6 and AA5754-H22 
aluminium alloys, analysing the material flow, joint formation mechanisms, joint defects 
and the static strength of the joints [69] [70]. The dissimilar material combination 
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employed was very useful to have an insight of the material flow leading to the final joint 
macrostructure [70]. Conventional cylindrical threaded and non-threaded FSW tool-
probes were used in these initial FSW tests, which demonstrated to have an enormous 
impact on the metallographic properties of the joints as shown in Figure 39. Thus, the 
different probe designs resulted in different joint formation mechanisms that produced 
large differences in joint strength, showing the huge impact of the tool-probe design in 
the properties of FSLW joints. However, none of the tool-probes used in this study was 
able to avoid important defects such as the hook formation in FSLW joints. 

 

Figure 39: Threaded and non-threaded FSW tool-probe designs (left) and macrosections of FSLW 

joints produced using the same welding parameters but different tool-probe designs (right) [70]. 

Subsequent FSLW tests focused on developing tool-probe design improvements, 
introducing a new tool-probe design featuring three flats and a mixed thread. The 
aluminium alloys used for this study were AA6063-T5 extrusions on top of a AA2024-T3 
sheet. The main conclusion was that the new tool-probe was able to minimize the defect 
formation in FSLW joint showing reduced hook size, as shown in Figure 40. This effect 
occurred due to a reduction of the vertical upwards flow of the material of the bottom 
sheet. Further FSLW tests followed using AA7075-T6 aluminium sheets [72], as well as 
AA2198-T8 alloy sheets [73]. The results, as shown in Figure 41, Figure 42 and Figure 
43, confirmed the improvements in the quality of the joints produced by the probe 
featuring flats and mixed thread in comparison with the conventional threaded probe, 
due to its capability to minimize the hook size which is a potential defect in FSLW joints. 

 

Figure 40: Macrosections and FSW tool-probes used for FSLW tests; cylindrical threaded tool-

probe (top) and tool-probe with three flats and mixed thread (bottom) [71]. 
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Figure 41: Macrosections of FSLW joints produced by the 2 different tool-probe designs and 

welding parameters with AA7075-T6 aluminium sheets [72]. 

 

Figure 42: Macrosections of FSLW joints produced by the 2 different tool-probe designs and 

welding parameters with AA2198-T8 aluminium sheets [73]. 

 

Figure 43: Graphic representation of the hook size measured in FSLW joints produced by 2 

different tool-probe designs and welding parameters with AA7075-T6 (left) [72] and AA2198-T8 

(right) [73]. 

Macrosections of FSLW joints produced under several FSW process conditions with 
AA7075-T6 aluminium sheets can be observed in Figure 41. The joints produced by the 
conventional threaded probe presented narrower SZ regions and showed tunnelling 
defects in the advancing side when high heat input welding parameters were used, i.e. 
1200rpm and 152mm/min. In addition to that, this conventional threaded probe produced 
larger hook imperfections, especially using high heat input welding parameters. These 
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issues were avoided by the use of the probe featuring three flats and mixed thread. The 
capability to achieve larger SZ regions and absence of any volumetric defect was 
demonstrated over a wide range of welding parameters. Equivalent results as the ones 
obtained with AA7075-T6 alloy were also achieved with the 2mm thick AA2198-T8 Al-Li 
alloy sheets (Figure 42). A particular characteristic provided by the probe with three flats 
and mixed thread was that, contrary to the case with the conventional threaded probe, 
the hook size was not dependant of the welding parameters. Thus, the use of different 
heat input conditions, i.e. different relationships between rotational and welding speed, 
was found to be feasible with the new probe design, achieving a similar hook size 
formation. These results are represented in Figure 43. However, the effectiveness of the 
new probe to avoid the cold lap defects as well as the joint strength were not thoroughly 
investigated in these works. 

The use of probe designs featuring three flats and a conventional thread were also 
compared with cylindrical conventional threaded tools in FSLW tests performed with 
AA7075-T6 aluminium sheets [75]. FSLW joints were performed using several welding 
conditions and their properties studied in terms of microstructural examination, 
microhardness measurements as well as joint strength in static tensile and fatigue 
testing. Although the tool-probe with flats showed a slightly better capacity to minimize 
lap joint imperfections such as hooks and cold lap defects, the mechanical performance 
of the joints was found to be very similar for the joints produced by both probe designs. 
This suggested that the size of the flat features in the probe was not sufficiently large to 
produce significant improvements in FSLW joint quality. 

Figure 44 shows the macrographs of FSLW joints as well as a quantification of 
characteristic microstructural features of such welded joints, such as the effective sheet 
thickness (EST) and the bonded interface width (BIW), produced using different FSW 
conditions (tool design and welding parameters). From these results, it was concluded 
that the benefits of using a FSW tool design with three flats and a conventional thread 
were limited in comparison with a cylindrical conventional threaded tool. In any case, the 
tool featuring three flats did show the capability of improving the characteristics of FSLW 
joints, producing smaller hook sizes and incrementing the EST and the BIW. 

 

Figure 44: Hook and cold lap defect details (left); and EST and BIW representation (right) in 

FSLW joints performed by several probe designs and welding parameters [75]. 
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Figure 45: Robotic FSW system at LORTEK used for FSLW tests (left) and a FSLW joint (right) 

made with AA7050-T7651 extrusion (stringer) and AlcladAA7475-T761 sheet (skin) [74]. 

All the discussed results were mainly obtained in FSLW joints produced by overlapped 
sheets of several medium and high strength aluminium alloys. FSLW were also 
performed in stringer-skin lap joint configurations using conventional aluminium alloys 
typically employed in the aeronautic industry [74]. AA7050-T7651 aluminium extrusions 
(stringer) on top of AA2024-T3 and Alclad AA7475-T761 aluminium sheets (skins) were 
selected to produce FSLW joints. The robotic FSW system used for the tests and an 
example of a FSLW joint are shown in Figure 45. FSLW joints were produced employing 
several welding parameter-sets and tool-probe designs, including probe length and flats-
thread features. The basic characterisation of the joint properties was performed by 
metallographic examination, microhardness measurements and static pull-out tests. 

 

Figure 46: Macrosections of FSLW joints made with AA7050-T7651 extrusion on top of an 

AA2024-T3 sheet (top) or AlcladAA7475-T761 sheet (bottom) [74]. 

The clad material (pure aluminium layer) present at the surface of the Alclad AA7475-
T761 sheet with the aim of enhancing corrosion performance played a major role in the 
joint formation mechanism and the resulting joint properties. Thus, it was necessary to 
adjust the FSW process conditions in order to maximize the pull-out joint strength 
depending on the aluminium alloys used as skin material (AlcladAA7475-T761 or 
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AA2024-T3). Figure 46 shows macrosections of FSLW produced under different 
processing conditions and base aluminium alloy materials. The hook size was minimized 
by using a small penetration of the probe in the skin during the FSW process (Figure 46-
top). However, the material mixing and cold lap defect elimination was not effective with 
these FSW process conditions, especially for the Alclad AA7475-T761 alloy as the clad 
layer mixing and dispersion in the SZ was not effective enough. Therefore, the use of 
larger probe lengths produced better results as the clad layer was more effectively 
disrupted and dispersed in the SZ of the weld (Figure 46-bottom). In the pull-out strength 
results shown in Figure 47, one can observe that, depending on the aluminium alloy used 
as skin, the FSW processing conditions have to be carefully selected in order to 
maximize the joint strength. This includes the right selection of the advancing and 
retreating side orientation in the weld, as the strength for each side was shown to be 
different [74]. 

 

 

Figure 47: Pull-out strength test (left) and strength results (right) with stringer-skin FSLW joints 

produced by different tool-probe designs, alloy combinations and loading conditions [74]. 

All these results showed that there are many factors to be taken into account for the FSW 
manufacturing of lap joints to achieve high quality FSLW joins such as targeted alloys, 
thicknesses, FSW tool design, weld orientation, processing parameters… Therefore, the 
work proposed in the research project presented to complete the thesis was focused on 
the FSW process developments for the selected Al-Li alloys in stringer-skin type joints, 
which are of high relevance for the development of lightweight integrally reinforced 
aircraft structures: 

• AA2060-T8E30 skin sheet (thickness 2,5 mm) – AA2099-T83 stringer extrusion 

(thickness 2 mm in the overlapped area). These materials were supplied by 

ALCOA-ARCONIC (Figure 48 - left). 

• AA2198-T8 skin sheet (thickness 2,5 mm) – AA2196-T8511 stringer extrusion 

(thickness 2,5 mm in the overlapped area). These materials were supplied by 

CONSTELLIUM (Figure 48 - right). 
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Figure 48: Selected Third-Generation Al-Li alloy materials and clamping arrangements developed 

for FSLW tests. 

All the initial results discussed in this section were considered for the FSLW 
developments with these new Al-Li alloys. Thus, the necessary clamping arrangements 
were designed and manufactured (Figure 48). FSW tool-probes were also designed, as 
shown in Figure 49, and manufactured. Surface treatment application to the Al-Li 
materials was coordinated with partners of ecoTECH (HAI and AKZONOBEL), as well 
as sealant selection for subsequent FSLW tests. Thus, the work to be performed to 
complete the thesis was planned and ready to start at the time when the research project 
was presented. 

 

Figure 49: FSW tool-probe design with “mixed threads + three flat” concept. 

Following the recommendations made by the evaluation committee after the 
presentation of the research project, it was decided to focus the main work to complete 
the thesis in the alloy combination supplied by ALCOA-ARCONIC, i.e., AA2060-T8E30 
sheet and AA2099-T83 extrusion. Nevertheless, the performed work was not limited to 
this combination and further work has also been done using the other alloys, mainly 
AA2198-T8 sheet. All these results are discussed in the following section 15.1.2. 

 

15.1.2.- Main results 

The work and results leading to the completion of this thesis, which are discussed in this 
section, were published mainly in three scientific articles [77] [78] [79] complemented by 
a fourth one [76]. These articles are included in this thesis as articles 8-11 in chapters 
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11-14. The work was focused on investigating the microstructural and mechanical 
properties of FSLW joints produced using AA2099-T83 and AA2060-T8E30 Al-Li alloys. 
These properties were investigated for joints produced using different FSW conditions 
and relevant manufacturing conditions to ensure high corrosion resistance (surface 
treatments and sealant application). 

The initial work was focused on the FSW process optimization to obtain high quality 
FSLW joints using AA2099-T83 extrusions as stringers and AA2060-T8E30 sheets as 
skin materials without any surface treatment [76] [77] (chapters 11 and 12 respectively). 
The chemical compositions of these alloys are shown in Table 5. 

Table 5: Chemical compositions of base materials, wt.%. 

 

 

Figure 50: i-STIR PDS 4 FSW machine used for FSW manufacturing tests (left); clamping 

configuration developed to produce the FSW coupons using AA2099-T83 extrusions on top of 

AA2060-T8E30 sheets (right). 

FSW manufacturing tests were performed in the i-STIR PDS 4 FSW machine at LORTEK 
using the specific clamping system and configuration designed and manufactured for the 
base materials (Figure 50). FSLW joints were produced using different tool designs and 
process parameters. An example of a FSLW joint can be observed in Figure 51a. The 
general dimensions of both tools were similar having a shoulder of 10 mm in diameter, 
a probe of 4 mm in diameter and a probe length of 2.5 mm. The main difference of the 
tools was the design of the probe. The first design was a conventional threaded 
cylindrical probe (Figure 51b) typically used in conventional FSW processes for butt joint 
configurations. The new design proposed for lap joints was a probe with three flats and 
a mixed neutral thread (Figure 51c). The flats divided the probe in three different 
threaded sections where three different thread orientations were machined as indicated 
in Figure 51d. The main purpose of this tool design specifically proposed for lap joints 
was to avoid vertical plasticized material flow during the FSW process in order to reduce 
the hook formation, while promoting sufficient material flow at the faying surface of the 
materials to break the oxide layers and produce the mixture between the materials to be 
welded. 
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Figure 51: (a) FSLW joint produced using AA2099-T83 and AA2060-T8E30 alloys; (b) 

conventional tool; (c) new tool proposed for lap joints; (d) sketch with details of the new three flat + 

mixed thread tool. 

In addition to the different tool designs, FSLW joints were also produced employing 
several combinations of welding parameters. The rotational speed ranged between 800 
and 1200 rpm and the welding speed was varied from 150 to 250 mm/min. A macro-
microstructural analysis was performed with specimens cut from the FSLW joints and 
prepared using typical metallographic preparation techniques. The cross-sections were 
examined by optical microscopy in order to investigate the metallographic properties of 
the FSLW joints. 

 

Figure 52: Cross-section of FSLW joint produced at 1200 rpm and 250 mm/min using a 

conventional threaded tool. 

 

Figure 53: Cross-section of FSLW joint produced at 1200 rpm and 250 mm/min using a three flat + 

mixed thread tool. 
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Figure 54: Representation of the hook size measured in FSLW joints produced using different 

welding parameters (weld pitch) and tool designs. 

The macro-microstructural analysis evidenced the benefits of using the new three flat + 
mixed thread tool for the manufacturing of FSLW joints in comparison with the 
conventional threaded tool. Figure 52 and Figure 53 show the clear differences in the 
metallographic properties of the FSLW joints that were obtained using the same welding 
parameters but different tool design. It was clearly observed that the new three flat + 
mixed thread tool was able to minimize the hook defects of the FSLW joints. This effect 
was observed for a wide range of welding parameters as it can be observed in Figure 
54. The hook size of the FSLW joints produced under different welding parameters (weld 
pitch) and heat input conditions was kept in reduced values using the new three flat + 
mixed thread tool. This was not the case for the conventional cylindrical threaded tool 
which produced a significant increase of the hook defect in FSLW joints produced using 
small weld pitch conditions, i.e., high rotational speed and low welding speed conditions. 
Thus, it was concluded that the proposed new tool design was capable of limiting the 
vertical material flow of plasticized material resulting in small hooks in both the advancing 
and retreating sides. 

In order to evaluate the effectiveness of the welding conditions to minimize the cold lap 
defect and hooks, the most relevant metallographic features of FSLW joints were 
quantified and analyzed. Thus the effective lap width (ELW) and hook height at the 
advancing (D1) and retreating (D2) sides were measured as indicated in Figure 55 and 
represented in the graphs shown in Figure 56 and Figure 57. 

The conclusions related to the hook formation mechanisms and the capability of the new 
three flat + mixed thread tool to reduce this defect were similar to the ones obtained 
previously. This tool showed the capability to limit the vertical flow of plasticized material 
during the FSW process, minimizing the hooks produced in the FSLW joints (Figure 56). 
This is the case for the hooks produced in the advancing side (Figure 56a) as well as in 
the retreating side (Figure 56b). On the contrary, the conventional cylindrical threaded 
tool showed an important material flow in the vertical direction especially using high heat 
input conditions, i.e., low weld pitch (high rotational speed and low welding speed). This 
resulted in a significant increment of the hook size which can reduce the strength of the 
FSLW joints. 
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Figure 55: Cross-section showing the characteristic features of FSLW joints; (a) effective lap with 

(ELW); (b) hook at the advancing side (D1); (c) cold lap defect and hook at the retreating side (D2). 

 

Figure 56: Representation of the (a) hook height in the advancing side; and (b) hook height in the 

retreating side; in FSLW joints produced using different welding parameters and tool designs. 
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Figure 57: Representation of the ELW in FSLW joints produced using different welding 

parameters and tool designs. 

The results related to the ELW produced in the FSLW joints were not as clear as for the 
hook formation case (Figure 57). Generally, it was observed that a higher rotational 
speed resulted in larger ELW. While at lower welding speeds the ELW produced using 
different tools were comparable, at higher welding speeds the conventional threaded tool 
produced a larger ELW. This was related to a more energic material flow and mixing 
produced by the threads in the vertical direction by the conventional tool, but this effect 
also entails the formation of large hooks. On the contrary, the new three flat + mixed 
thread tool showed a good capability to limit the vertical material flow and to promote 
sufficient material flow at the faying surface of the materials, resulting in FSLW joints with 
a large ELW and small hooks. 

 

Figure 58: Pull-out strength and failure mode of FSLW joints produced using different tools and 

welding parameters. 

The static mechanical strength of the FSLW joints was investigated by pull-out tests, 
where the AA2060-T8E30 sheet/skin was firmly hold in a fixture and a pulling force in 
the vertical direction was applied to the AA2099-T83 extrusion/stringer. Specimens cut 
from FSLW joint-coupons produced using different tools and welding parameters were 
tested in order to investigate their mechanical strength and the relationship with their 
metallographic characteristics. In general, FSLW joints produced using the three flat + 
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mixed thread presented superior mechanical strength in comparison with the 
conventional threaded tool. An example of the failure modes and the strength curves 
obtained for different specimens can be observed in Figure 58. Welding conditions 
resulting in poor material flow and mixing at the stringer/skin interface resulted in low 
strength and interfacial failures of the FSLW joints. On the contrary, welding conditions 
that produced FSLW joints with small hooks and sufficiently large ELW showed a good 
load carrying capability and failures in the base alloy AA2099-T83 outside the FSLW 
joint. It was concluded that a superior weld quality and load carrying capacity can be 
obtained using the new three flat + mixed thread tool. Thus, the welding conditions that 
produced FSLW joints with an optimized quality were identified: 

• Tool design: Three flat + mixed thread 

• Rotational speed: 1200 rpm 

• Welding speed: 250 mm/min 

• Forge force: 6.25 kN 

• Joint configuration: Advancing side oriented towards the vertical side of the 

AA2099-T83 stringer 

Once an advanced tool design and appropriate welding conditions were identified, the 
work continued with the investigation to determine the feasibility to process by FSW 
surface treated base materials including the use of a sealant at the AA2099-T83 stringer 
and the AA2060-T8E30 skin interface. These conditions were representative of typical 
manufacturing practices used in the manufacturing of aeronautic structures in order to 
improve their corrosion resistance. This work, results and conclusions were published in 
another scientific article [78], which is included in this thesis in chapter 13. 

AA2060-T8E30 sheet/skin and AA2099-T83 extrusions/stringers were surface treated 
using two innovative Cr-free surface treatments: 

1. Thin Film Sulfuric Acid Anodizing (TFSAA) 

2. AC131 Sol-Gel 

These surface treatments were performed by Hellenic Aerospace Industry (HAI) so the 
test plan and logistics for materials were coordinated with them in a great collaborative 
work established in the project ecoTECH. As another corrosion protection technique, the 
sealant Naftoseal MC-780-class C was selected to be applied at the interface between 
the stringers and skin before the welding process. Examples of surface treated base 
materials as well as sealant preparation and application in the AA2060-T8E30 skin 
surface can be observed in Figure 59. 

 

Figure 59: Sealant preparation and application in AA2060-T8E30 sheet without any surface 

treatment (left); and surface treated base materials (right). 
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FSW manufacturing tests were performed using several combinations of base materials 
with different surface treatments and sealant application in the stringer-skin interface. 
The same I-STIR PDS 4 FSW machine and previously optimized welding parameters 
were employed to produce the FSLW joint-coupons. The FSW process setup and the 
FSLW joint-coupons showing different surface conditions can be seen in Figure 60. 
Thus, FSLW joint-coupons C1-C6 were produced using different combinations of applied 
surface treatments and sealant. The manufacturing conditions for each coupon are 
detailed in Table 6. 

 

Figure 60: (a) Setup for the FSW process manufacturing; and (b) Examples of FSLW joint-coupons 

produced using base materials with different surface conditions and sealant. 

Table 6: Friction stir welded coupon identification with the applied surface treatments and sealant. 

 

The FSW process stability was investigated observing the general performance of the 
FSW process execution, visual inspection of the produced FSLW joints as well as 
analyzing the critical process data recorded by the FSW machine. 

The general FSW process performance as well as the visual appearance of the FSLW 
joints was similar for all C1-C6 coupons, meaning the process was stable even for the 
cases were base materials were coated and the sealant applied at the stringer/skin 
interface. 
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Figure 61: (a) Torque and (b) tool penetration average values obtained during the FSW process for 

C1-C6 coupons. 

The analysis of critical data of the FSW process led to the same conclusion. Taking into 
account the command parameters were a constant rotational speed (1200 rpm) and a 
constant axial forge force (6.25 kN), the principal data that were analyzed as critical 
feedback values were the torque and the tool penetration. Average values obtained 
during the manufacturing of the C1-C6 FSLW joint-coupons are shown in Figure 61. 
According to these results, no significant difference was observed between the FSLW 
joints performed using base materials without any surface treatment (C1) and the ones 
with TFSAA (C2) or Sol-Gel (C3). The application of sealant (C4-C6) did not suppose 
any significant difference in the average torque and penetration values either. Therefore, 
it was concluded that the application of the surface treatments TFSAA and Sol-Gel to 
the base materials, as well as the application of sealant at the stringer/skin interface did 
not introduce any relevant difficulties for the manufacturing process of FSLW joints. 
Thus, the manufacturing of surface treated AA2060-T8E30 and AA2099-T83 alloys using 
a sealant was observed to be feasible opening the possibility to apply innovative Cr-free 
corrosion protection techniques during FSLW joint manufacturing. 
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Figure 62: (a) Cross-section of FSLW joint C1 and (b) SEM image and EDS analysis of region A in 

Figure 62a. 

 

Figure 63: (a) Cross-section of FSLW joint C2 and (b) details of the SZ interface by optical 

microscopy, SEM and EDS analysis of the fragment remnants. 

Although the FSLW manufacturing seemed feasible, the microstructure and properties 
of the FSLW joints produced using surface treated base materials and sealant were more 
deeply investigated. Thus, a metallographic characterization of the FSLW joints was 
performed using optical and scanning electron microscopy (SEM) complemented with 
energy dispersive spectroscopy (EDS) analysis. A summary of the obtained results is 
shown in Figure 62, Figure 63 and Figure 64. 
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Figure 64: (a) Cross-section and detail magnification of FSLW joint C6 and (b) SEM image and 

EDS analysis of region A in Figure 64a. 

The results of the metallographic analysis showed a very clear stirred zone (SZ) region 
free of major contaminant agents, although some minor oxides were observed in the 
close proximity to the retreating side (Figure 62). However, in FSLW joints performed 
using TFSAA treated base materials (C2 and C5) an important presence of fragment 
remnants was observed in the SZ (Figure 63), which were mainly located towards the 
retreating side of the weld. The SEM and EDS analysis of these remnants revealed their 
aluminium oxide nature with the presence of some sulphur content. Thus, it was 
concluded that the presence of these fragments was the consequence of the incomplete 
break, dispersion and mixing of the thin aluminium oxide coating generated at the surface 
of the AA2060-T8E30 and AA2099-T83 alloys during the TFSAA process. The FSLW 
joints produced using Sol-Gel treated alloys and sealant at the stringer/skin interface 
also showed some traces of remnants located towards the retreating side of the weld 
(Figure 64). The compositional analysis of these remnants revealed contents of 
aluminium and copper as well as oxygen very likely coming from the base composition 
of the alloys and the inherent oxide layer present at the surface of the parent materials. 
No traces of sealant were found in the SZ of the welds suggesting it was eliminated from 
the weld zone due to the pressure applied by the tool during the FSLW process. 

  

 

Figure 65: Examples of the specimens (C1-left; C2-middle) used for the static pull-out tests (right). 

The presence of the remnants found in the SZ of the welds was expected to impact on 
the mechanical strength of the FSLW joints, especially in the pull-out strength of the 
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joints produced using TFSAA treated base materials (C2 and C5). In order to evaluate 
this impact, static pull-out tests were performed with specimens cut from the FSLW joint-
coupons C1-C6. Examples of some of these specimens and the pull-out test setup can 
be observed in Figure 65. A representation of the test progress and final failure that was 
observed for all tested specimens is illustrated in Figure 66. 

 

Figure 66: Representation of the progress in pull-out tests. (a) Initiation; (b) before failure; and (c) 

after failure. 

 

Figure 67: (a) Representation of maximum pull-out force values for FSLW joint-coupons C1-C6; 

and (b) examples of stringer failure in specimens obtained from FSW coupons C2, C4 and C6. 

The maximum pull-out force obtained for all the FSLW joints C1-C6 and some examples 
showing the failure mode of the specimens can be observed in Figure 67. Very consistent 
pull-out strength values were observed for all FSLW joints C1-C6. For all specimens, the 
failure occurred consistently at the AA2099-T83 extrusion outside the weld region, 
showing a sufficiently high strength and load carrying capacity of all the FSLW joints 
irrespective of the surface condition of the base materials before the FSW process. Thus, 
although a lower strength was expected for the FSLW joints produced using surface 
treated base materials, especially C2 and C5 due to the presence of aluminium oxide 
remnants, they showed a similar strength as the rest of FSLW joints. 
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According to the obtained results, FSLW of TFSAA or Sol-Gel treated AA2060-T8E30 
and AA2099-T83 alloys combined with sealant application seemed a feasible and 
promising technique for the manufacturing of lightweight aeronautic structures with good 
corrosion resistance. The selected surface treatments are of high interest in order to 
eliminate the use of Cr-based treatments and the application of sealants is also an 
standard practice in the manufacturing of corrosion resistant structures in the aeronautic 
industry. FSLW could be applied directly on the surface treated sheets and extrusions 
without the need for any pre-processing step to eliminate the coatings, showing no 
significant reductions in the static strength of the FSLW joints. 

Although the performance of the FSLW joints under static stress was very good, their 
performance under fatigue loading was still unknown. Thus, the next work focused on 
the investigation of the fatigue resistance of the FSLW joints. This work, results and 
conclusions were published in a scientific article [79], which is included in this thesis in 
chapter 14. 

Equivalent FSLW joint coupons C01-C06 were produced using the same alloys, same 
surface treatments and same sealant as indicated previously in Table 6. FSW machine 
and process conditions were also the same as the ones used to produce the high-quality 
FSLW joint-coupons. Specimens for static tensile and fatigue tests under hoop-stress 
loading conditions, which is the most representative to simulate the pressurization-
depressurization cycles of a fuselage structure, were machined from all C01-C06 
coupons. The dimensions and geometry of the specimens are shown in Figure 68, the 
setup for static tensile test in Figure 69 and the setup for fatigue tests in Figure 70. IR 
thermography was used to monitor the failure of the specimens in the fatigue tests. 

 

Figure 68: Sketch of the specimens machined from the FSLW joint-coupons C1-C6 for the static 

tensile and fatigue tests under hoop-stress loading conditions. 
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Figure 69: Specimens machined from coupons C3 (left); C6 (right); and the setup for the static 

tensile tests (middle). 

  

Figure 70: Setup for the fatigue tests monitored by IR thermographic cameras. 

 

Figure 71: (a) Cross-section of a specimen cut from FSLW joint C01; (b) microhardness scan 

measurements in the A-B line shown in Figure 71a. 
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Microhardness measurements were performed in order to investigate the hardness 
distribution of the different microstructural zone within the welds (Figure 71). As it was 
expected working with precipitation hardening aluminium alloys such as AA2060-T8E30 
and AA2099-T83, the region showing the minimum hardness was the HAZ, which 
typically suffers from an overaging effect due to the temperatures reached during the 
FSW process with the consequent reduction in hardness. 

The results obtained in the static tensile tests showed a very similar performance 
between the FSLW joints C01-C06 as shown in Figure 72. Consistent and equivalent 
yield strength (YS) and ultimate tensile strength (UTS) values were observed for all 
tested specimens irrespective of the applied surface treatments and the use of sealant 
for the manufacturing of the FSLW joints. Consistent fractures with the initiation in the 
HAZ of the AA2060-T8E30 sheet, which was identified as the region with lowest 
hardness, were observed for all C01-C06 FSLW joints indicating that the surface 
treatments and the use of sealant at the stringer/skin interface did not produce significant 
effects in the performance of FSLW joints. 

Similar to the static pull-out testing case reported above, a lower fatigue life was 
expected for the FSLW joints produced using surface treated base materials and the use 
of sealant. The presence of remnants in these welds was expected to reduce their fatigue 
life due to the stress concentration and crack initiation effect they could induce. However, 
the results obtained in the fatigue tests showed a slightly better fatigue behavior and 
extended life for FSLW joints produced using surface treated base materials and use of 
sealant. Basic S-N curves were plotted for the C01-C06 coupons after the execution of 
fatigue tests under hoop-stress loading conditions. These S-N curves and a comparison 
between them can be observed in Figure 73, Figure 74 and Figure 75. 

 

Figure 72: (a) Yield strength and ultimate tensile strength values obtained for the FSLW joints 

C01-C06 in static tensile tests; and (b) metallographic cross-section of a fractured C01 specimen 

showing the fracture initiation at the HAZ. 



15.- Summary of results, conclusions and future lines 

- 171 - 

 

Figure 73: S-N curves of FSLW joints showing a comparison between FSW specimens produced 

using bare aluminium alloys (C01) and surface treated alloys without sealant (C02 and C03). 

Figure 73 shows a comparison between the FSLW joints produced using bare aluminium 
alloys (C01) with those produced using surface treated aluminium alloys in order to show 
the effect of surface treatments in the fatigue life of the FSLW joints. In general, it was 
observed that the specimens with surface treatments presented a longer fatigue life until 
fracture. A similar trend was observed in the comparison of the fatigue life of FSLW joints 
produced with (C04) and without (C01) sealant applied at the stringer-skin interface, 
which is shown in Figure 74. Specimens produced with sealant showed a consistently 
longer fatigue life than the reference specimens without any sealant. Similarly, the effect 
of combining surface treated base materials and use of sealant for the manufacturing of 
FSLW joints showed an extension of the fatigue life compared to reference FSLW joints 
manufactured without any surface treatment nor sealant (Figure 75). 

 

Figure 74: S-N curves of FSLW joints showing a comparison between FSW specimens produced 

using bare aluminium alloys without sealant (C01) and with sealant (C04). 
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Figure 75: S-N curves of FSLW joints showing a comparison between FSW specimens produced 

using bare aluminium alloys without sealant (C01) and surface treated aluminium alloys with 

sealant (C05 and C06). 

According to these results it was concluded that the use of surface treated aluminium 
alloys and the application of sealant improved the fatigue life of FSLW joints when they 
are applied either in an individual or a combined way. Considering this surprising result, 
the fracture mode of FSLW joints in fatigue tests was analyzed in order to investigate the 
mechanisms leading to the failure. 

Two different fracture modes were observed depending on the stress level used for each 
particular test and specimen. The specimens tested in high-stress loading conditions 
showed failures at a relatively low number of cycles and presented a fracture initiation 
and propagation in the HAZ of the FSLW joints (indicated in red in Figure 76). On the 
other hand, the specimens tested in low-stress loading conditions, presented a fracture 
located out of the FSLW joint (indicated in blue in Figure 76), showing failures at higher 
number of cycles. 

 

Figure 76: S-N data of FSLW joints showing different fracture modes in high and low stress 

loading conditions. 
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Figure 77: IR thermographic images showing the instant of the fracture in fatigue tests; (a) fracture 

out of the FSLW joint at high nº of cycles (specimen C05_A in Figure 76); and (b) fracture at the 

HAZ of the FSLW joint at low nº of cycles (specimen C05_B in Figure 76). 

 

Figure 78: Cross-sections of FSLW joints showing different fracture modes; (a) fracture out of the 

FSLW joint (specimen from coupon C05 tested at a 30% of the YS); and (b) fracture at the HAZ of 

the FSLW joint (specimen from coupon C05 tested at a 70% of the YS). 

These two different fracture modes were captured using IR thermographic cameras that 
were employed to monitor the specimens during the fatigue tests. Figure 77a shows the 
instant when the failure of a specimen tested in low-stress loading conditions occurs, 
showing the fracture out of the FSLW joint. A cross-section of this type of fracture can 
be observed in Figure 78a, where it can be clearly seen the initiation and final fracture 
occurred out of the FSLW joint. Fretting fatigue effects produced as a consequence of 
the frictional contact and sliding movement between the AA2099-T83 stringer and the 
AA2060-T8E30 skin during the fatigue tests were observed to be the origin of the fracture 
initiation. On the other hand, Figure 77b shows the instant when the fracture occurred in 
a specimen tested in high-stress loading conditions, with the fracture at the HAZ of the 
FSLW joint. The fracture initiation and crack growth through the HAZ before the final 
fracture can be clearly observed in the cross-section shown in Figure 78b. 
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Figure 79: Fracture surface analysis of specimen C05_A (indicated in Figure 76) showing the 

fracture out of the FSLW joint; (a) general view of fractured specimen; and (b) perpendicular view 

of the fracture surface. 

 

Figure 80: SEM image and EDS analysis of the zone A1 indicated in Figure 79. 

The analysis of fracture surfaces was performed using SEM and EDS techniques. A 
summary of the results obtained in the analysis of the specimen C05_A, which was 
tested at relatively low-stress loading conditions and showed a fracture out of the FSLW 
joint, are presented in Figure 79, Figure 80 and Figure 81. Small regions of black phases 
were observed (indicated as A1 in Figure 79) at the stringer/skin matching interface 
suggesting they could act as fatigue crack nucleation points. A detailed analysis of these 
black phases (Figure 80) revealed they consisted of accumulated aluminium oxides as 
a result of localized fretting effects at random locations of stringer/skin interfaces. Once 
the fatigue crack was initiated, three main regions (A, B and C in Figure 79b) were 
observed for its propagation. Details of these three regions are shown in Figure 81. 



15.- Summary of results, conclusions and future lines 

- 175 - 

 

Figure 81: SEM observations of the fracture surface of specimen C05_A shown in Figure 79b; (a) 

point A2; (b) point B1; and (c) point C1. 

 

Figure 82: Fracture surface analysis of specimen C05_B (indicated in Figure 76) showing the 

fracture in the HAZ of the FSLW joint; (a) general view of fractured specimen; and (b) 

perpendicular view of the fracture surface. 

The fracture surface analysis of specimen C05_B, which was tested under high-stress 
loading conditions and showed a fracture in the HAZ of the FSLW joints, was also carried 
out. The main results are presented in Figure 82 and Figure 83. No presence of black 
phases was observed in the specimens that presented this type of fracture mode. A 
detailed observation of the fracture surface revealed the presence of a fatigue crack 
nucleation and propagation region (indicated as D in Figure 82b) as well as the final 
fracture region (indicated as E in Figure 82b). Details of these regions are shown in 
Figure 83, where the fatigue crack initiation point (indicated as D1 in Figure 82b) 
presented a flat surface where propagation bands started at the top surface (Figure 83a). 
The propagation of the crack continued to grow until the final fracture occurred in region 
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E presenting a ductile fracture with multiple dimples as shown in Figure 83b and Figure 
83c. 

 

Figure 83: SEM observations of the fracture surface of specimen C05_B shown in Figure 82b; (a) 

point D1; (b) point E1; and (c) point E1. 

According to all these results, it was concluded that fretting effects were the main limiting 
factor of the fatigue life of stringer/skin FSLW joints in the high-cycle fatigue regime. In 
addition to that, the possibility of manufacturing FSLW joints using surface treated 
aluminium components with a sealant in the stringer/skin interface was demonstrated 
and the resulting joints showed an improved durability in fatigue tests under hoop-stress 
loading conditions. 

Generally, it was concluded that it is feasible to combine FSLW 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. 

Although the main contents and work to complete this thesis are covered in articles 8-11 
which are included in chapters 11-14, some other complementary work was also 
performed or is in progress at the time when the thesis is presented. This work includes 
corrosion tests, FSW tests using AA2198-T8 and AA2196-T8511 alloys and the 
development of a representative fuselage panel demonstrator. Additional information of 
this experimental work, main findings and conclusions are presented in the following 
sections. 
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CORROSION TESTS 

The effectiveness of the corrosion protection techniques considered for the FSLW joints 
was investigated by a basic test plan. FSLW joint-coupons were manufactured using 
AA2099-T83 and AA2060-T8E30 alloys with the welding conditions that were previously 
optimized and different surface treatments and sealant were applied to them. Some of 
these coupons were subjected to neutral salt spray (NSS) corrosion tests according to 
the ASTM-B117 standard. These tests as well as the application of the relevant surface 
treatments (TFSAA and Sol-Gel) and a new Cr-free primer and top-coat developed by 
AKZONOBEL were carried out at HAI, so the FSLW joint preparation, logistic and tests 
were coordinated with them. The FSLW joint-coupon description and test plan for this 
study are summarized in Table 7. 

Table 7: FSLW joint-coupon description and test plan. 

 

 

Static pull-out tests were performed with specimens cut from all the FSLW joint-coupons 
which underwent corrosion test in order to evaluate any eventual loss of properties due 
to corrosion effects. The FSLW joints that were not exposed to the NSS tests were tested 
in the as manufactured condition, while the rest of the coupons were tested after the 
completion of the corrosion tests and NSS exposure. The disposition of the FSLW joint-
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coupons that were subjected to the NSS exposure can be observed in Figure 84, as well 
as an example of a FSLW joint-coupon after completion of the corrosion test and 
examples of specimens prepared for the subsequent static pull-out tests. 

 

Figure 84: Disposition of the FSLW joint-coupons in the NSS chamber during the ASTM-B117 NSS 

corrosion test (left); FSLW joint-coupon 4 after NSS exposure (middle); and specimens cut from 

FSLW joint-coupons ready for static pull-out tests (right). 

 

Figure 85: Results of static pull-out tests of FSLW joints produced and corrosion tested according 

to the conditions shown in Table 7. 

The results obtained in the pull-out tests are shown in Figure 85. No significant 
differences were observed in the joint strength between the FSLW joints that were not 
exposed to NSS tests and those that were exposed. Therefore, it was concluded that the 
corrosion protection techniques investigated in this test plan (TFSAA, Sol-Gel, primer, 
top-coat and sealant) were effective in the protection of the FSLW joints against 
corrosion. 
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FSW TEST RESULTS WITH AA2198-T8/AA2196-T8511 ALLOYS 

In addition to the investigation work carried out with the Third-Generation Al-Li alloys 
AA2099-T83 and AA2060-T8511, which was the core that led to the completion of this 
thesis, similar work was also performed using Al-Li alloys AA2198-T8 sheet as skin and 
AA2196-T8511 extrusion as stringers. Thus, FSLW process development was 
performed including tool, clamping system and welding parameter optimization assisted 
by an extensive joint characterization by means of metallographic examination, 
mechanical testing as well as corrosion testing. An example of a FSLW joint produced 
by this alloy combination can be observed in Figure 86, where a 2.5 mm thick AA2196-
T8511 extrusion was welded by FSW on top of a 2.5 mm thick AA2198-T8 sheet. 

 

Figure 86: FSLW joint-coupon manufactured using a AA2198-T8 sheet/skin and a AA2196-T8511 

extrusion/stringer. 

 

Figure 87: Cross-sections of FSLW joints produced with AA2198-T8 sheet and AA2196-T8511 

extrusion at 800 rpm and 250 mm/min (left) and 1200 rpm and 150 mm/min (right). 

Macrographic cross-sections of FSLW joints are shown in Figure 87. The tool design 
with three flat + mixed thread that produced excellent results with the AA2060-
T8E30/2099-T83 alloy combination was tested for the AA2198-T8/AA2196-T8511 
combination too. The obtained results were equivalent and FSLW joints with excellent 
properties were produced using this tool design, avoiding the generation of hook defects 
while achieving a good oxide break, dispersion and plasticized material mixing during 
the FSW process. 

Fatigue tests under hoop-stress loading were performed using these FSLW joints with 
the particular characteristic that the FSLW joint-coupons were prepared using pocketing 
techniques. The pocketing is a technique that is typically used in the manufacturing of 
fuselage skin sections and consists of machining the free areas that are located between 
reinforcements (stringers, frames…) that are joined to the skin. Thus, a reduction of 
thickness and important weight savings can be achieved. As a result of the pocketing, 
the areas of the skin where the reinforcements are joined have typically a larger 
thickness than the surrounding free areas. With the purpose of investigating this 
thickness variation effect on the fatigue performance of the FSLW joints, the AA2198-T8 
skin sections were machined to simulate the pocketing effect and FSLW joints were 
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manufactured. Examples of these FSLW joints are shown in Figure 88-left. In Figure 88-
right, examples of specimens machined from the FSLW joint-coupons can be observed. 

 

Figure 88: FSLW joint-coupons manufactured using pocketed AA2198-T8 sheet/skins (left), 

specimens for static tensile and fatigue testing machined from the coupons (top-right) and detail of 

a machined specimen showing the pocketed region (bottom-right). 

 

Figure 89: S-N curves of FSLW joints produced using pocketed AA2198-T8 sheet/skins and 

AA2196-T8511 extrusion/stringers. 

The results of the fatigue tests showed that fretting fatigue effects were avoided in 
pocketed FSLW joints, incrementing the fatigue stress limit and life significantly (Figure 
89). Having a smaller thickness outside the FSLW joint area promotes a preferential 
deformation in these sections with smaller thickness. The consequence of this effect is 
that the sliding movement and frictional contact between the stringer and skin was 
reduced, so that fretting effects were significantly minimized. Thus, fractures in the 
pocketed region were observed in most of these specimens suggesting the FSLW joint 
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area was stronger than the pocketed area even under hoop-stress fatigue loading 
conditions. In this case, the effect of the surface treatments and sealant that allows to 
reduce the fretting effects and extend the fatigue life of the non-pocketed FSLW joints is 
not significant as it can be observed in Figure 89. 

After these interesting conclusions obtained for the pocketed specimens, a similar study 
was also carried out with pocketed FSLW joints using the AA2060-T8E30/AA2099-T83 
alloy combination. As it can be seen in the comparative results shown in Figure 90, it 
was confirmed the possibility to extend the fatigue life of FSLW joints by reducing the 
fretting effects when pocketing techniques were employed. 

 

Figure 90: S-N curves of FSLW joints showing a comparison between pocketed and non-pocketed 

FSW specimens produced using AA2060-T8E30 and AA2099-T83 alloys. 

 

Although the main work to complete this thesis was focused on FSLW joints using Al-Li 
alloys with thicknesses between 2 and 2.5 mm, new challenges arose when the 
possibility to use smaller thicknesses for the reinforcements (stringers, frames) was 
considered, due to weight saving purposes during the design phase of a representative 
fuselage panel demonstrator. Thus, the possibility to produce FSLW joints using down 
to 1 mm thick AA2198-T8 sheets was investigated. 

FSW tests were performed in the robotic FSW system at LORTEK, which was the facility 
selected for the manufacturing of the fuselage panel demonstrators to be developed in 
the project ecoTECH. The robotic FSW system and the clamping arrangement for the 
tests can be seen in Figure 91. FSLW joints were produced using thicknesses down to 
1 mm for the top AA2198-T8 sheet, obtaining good results in terms of process stability 
and repeatability. The quality of the resulting FSLW joints was investigated by 
metallographic examination and static tensile tests under hoop-stress loading conditions. 
FSLW joints of excellent quality could be produced as it can be observed in the cross-
sections of Figure 92 and Figure 93. The new tool design with three flat + mixed thread 
was capable of avoiding defects that can be typically found in FSLW joints such as hooks 
and cold lap defects. 
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Figure 91: Robotic FSW system used for FSLW tests using AA2198-T8 sheets of small thicknesses. 

 

Figure 92: Cross-section of a FSLW joint produced using a 1.3 mm thick AA2198-T8 sheet on top 

of a 2.3 mm thick AA2198-T8 sheet. 

 

Figure 93: Cross-section of a FSLW joint produced using a 1 mm thick AA2198-T8 sheet on top of 

a 2.3 mm thick AA2198-T8 sheet. 

Static tensile tests under hoop-stress loading conditions were carried out with specimens 
cut from the FSLW joints manufactured using AA2198-T8 sheets with thicknesses down 
to 1 mm. Figure 94 shows a summary of the results obtained in these tests, comparing 
the strength of FSLW joints produced using sheets of thicknesses of 1 mm, 1.3 mm and 
2.5 mm. Very consistent and similar strength values were obtained for all conditions. 
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Therefore, it was concluded that the manufacturing of FSLW joints using AA2198-T8 
sheets of thicknesses down to 1 mm was feasible. 

 

Figure 94: Static tensile test results of FSLW joints produced using AA2198-T8 sheets of different 

thicknesses. 

 

FUSELAGE PANEL DEMONSTRATOR 

With the green light for the use of 1 mm thick sheets, a fuselage panel demonstrator to 
be developed in the project ecoTECH was designed in a collaborative work between IAI, 
HAI and LORTEK. The general design of this demonstrator as well as details of the 
reinforcements (stringers, frames) are shown in Figure 95. The following materials were 
selected: 

• Skin: AA2198-T8 formed sheet; thickness 2.3 mm. 

• Stringers: AA2198-T8 formed sheet; thickness 1 mm. 

• Frames: AA2198-T8 formed sheet; thickness 1.2 mm. 

FSLW process was selected as the joining technology for the manufacturing of this 
demonstrator. Thus, it was required to develop all the necessary FSW technology 
adaptations for the FSLW manufacturing of the stringer-skin (linear longitudinal 
reinforcements) and frame-skin (curved transversal reinforcements) such as tools, 
clamping systems, welding parameters, etc… 

After freezing the final design of the demonstrator, the design and manufacturing of the 
clamping systems for stringer-skin and frame-skin FSLW joints were carried out. In 
parallel, new tools and the appropriate tool-holder were designed and manufactured too. 
The initial welding parameters for both stringer-skin and frame-skin FSLW joints were 
estimated as a starting point for the manufacturing tests. The tool design and welding 
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parameters were defined based on the results obtained in the work carried out in this 
thesis. 

 

Figure 95: General design of fuselage panel demonstrator to be manufactured by FSLW and details 

of the design of stringers and frames. 

Once all FSW technology adaptations were completed and the materials prepared (skin, 
stringers and frames) the FSLW manufacturing tests started. After some necessary 
welding parameter adjustments due to the specific curvature and properties of curved 
components, the manufacturing tests in the first fuselage panel demonstrator were 
carried out and the FSLW manufacturing of the initial fuselage panel demonstrator was 
successfully completed at the time when this thesis was submitted. This initial 
demonstrator is presented in Figure 96. 

 

Figure 96: Initial fuselage panel demonstrator manufactured in the robotic FSW system at 

LORTEK. 

This type of innovative aeronautic structure can present important benefits such as 
weight saving, reduction of manufacturing time and cost, reduction of energy 
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consumption and gas emissions during the operational life of the aircraft as well as 
environmental benefits in the end of life (EoL) processes for recycling. The next activities 
in the project ecoTECH will try to evaluate and quantify the mentioned benefits and 
perform a comparison with conventional technologies. 

 

15.2.- CONCLUSIONS 

The aeronautic industry is continuously seeking for new materials and technologies in 
order to overcome the challenges identified for future green aircraft. Among many other 
challenges, innovative lightweight structures for airframe represent an attractive solution 
to reduce the overall weight of the aircraft, which would result in improved energy 
efficiency and reduction of harmful gas emissions. 

The main objective of the work carried out in this thesis was to investigate the potential 
of the FSW technology to be implemented in the manufacturing of integral reinforced 
panels for aircraft structures made of Third-Generation Al-Li alloys. In order to 
accomplish this main objective, some specific objectives were established and at the end 
of the thesis it can be stated that all of them have been met. These objectives were: 

1. Develop FSW tools with improved design to avoid or minimize characteristic 

imperfections that can be found in lap joints. 

A new FSW tool design for lap joint configurations has been developed having 

three flats and a mixed thread. This new design showed the capability to minimize 

characteristic imperfections such as hooks and cold lap defects. 

2. Perform FSW tests and create stringer-skin joints with the selected AA2060-

T8E30, AA2099-T83, AA2198-T8 and AA2196-T851 Al-Li alloys. 

FSLW joints have been produced using all the above-mentioned alloys using 

different welding parameters. We concluded that FSW technology can be used 

to produce stringer-skin joints and we established appropriate welding 

parameter-sets and operational windows. 

3. Perform FSW tests and create stringer-skin joints with the above-mentioned 

alloys including sealant at the stringer-skin interface; and with surface treated 

aluminium alloys. 

FSLW joints have been produced using surface treated aluminium alloys. Cr-free 

innovative surface treatments such as TFSAA and Sol-Gel were applied to the 

aluminium components before FSW. FSLW joints were also produced applying 

a sealant in the stringer-skin interface before FSW. We concluded that it is 

feasible to produce FSW joints consistently using surface treated components 

and sealant, which are technics typically employed by the aeronautic industry for 

the protection against corrosion. 

4. Perform an extensive FSW joint characterisation including microstructural 

examination, static and fatigue strength analysis. 

The properties of FSLW joints produced under different base material preparation 

and welding conditions have been investigated. Microstructural examination was 

carried out by optical microscopy and SEM observation complemented by EDS. 

The static strength was evaluated by pull-out tests as well as tensile tests under 

hoop-stress loading conditions. The fatigue strength was also evaluated under 

hoop-stress loading conditions. 
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5. Investigate the effects of FSW tool design, welding parameters, sealants and 

surface treatments on joint formation mechanisms, joint imperfections and the 

resulting joint properties. 

FSLW joint formation mechanisms have been analysed for different tool designs, 

base material preparation and welding conditions. The FSLW joint imperfections 

and properties were investigated by microscopy, static and fatigue tests. 

6. Conclude on the potential of FSW technology for the manufacturing of advanced 

aircraft structures and define required manufacturing conditions. 

The FSW technology has shown a great potential for the manufacturing of 

integral reinforced fuselage panels using Third-Generation Al-Li alloys. A 

fuselage panel demonstrator was manufactured in the robotic FSW system at 

LORTEK using the welding parameters optimised in previous tests, achieving 

TRL 5. 

This thesis is mainly focused on the FSW technology development towards the 
optimization of the joint quality in overlap welds using AA2099-T83 extrusions/stringers 
and AA2060-T8E30 sheet/skin. The main work was presented in three articles achieving 
the following main conclusions: 

• The three flat + mixed thread tool showed the capability to keep the hook height 

values low while offering sufficient material mixing capability at the faying surface 

of the materials for an effective dispersion of surface oxides. 

• The three flat + mixed thread tool presents clear advantages for FSW lap joint 

manufacturing in comparison with the conventional threaded tool design. It was 

possible to produce FSLW joints of superior quality and higher load carrying 

capacity, showing a larger weldability window. 

• FSW of surface treated Al-Li components using sealant was feasible. The FSW 

process did not show any instability and the pull-out strength values of the FSLW 

joints were comparable to the FSLW joints produced without surface treatments 

nor sealant. 

• Consistent failures at the stringer (AA2099-T83 extrusion) out of the weld region 

and comparable failure loads were observed in the pull-out static tests for all the 

tested FSLW joints, irrespectively of the surface treatment condition or the 

application of sealant. 

• All investigated FSLW 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 properties of the FSLW joints. 

• Fretting fatigue was identified as the main limiting factor of the fatigue life for 

FSLW joints tested at low stress levels under hoop-stress loading conditions. 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. 

• Fatigue life of FSLW joints was incremented by using surface treated materials 

and sealant. 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 FSLW joints. 
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Generally, it has been concluded that it is feasible to combine FSW manufacturing using 
surface treated Al-Li alloys and sealants in order to produce efficient, high-strength and 
corrosion resistant aeronautic structures. A fuselage panel demonstrator has been 
manufactured in the robotic FSW system at LORTEK. This type of structures can present 
important benefits such as weight saving, reduction of manufacturing time and costs, 
reduction of energy consumption and environmental benefits in the EoL processes for 
recycling. 

 

15.3.- FUTURE LINES 

In this thesis, we have shown the potential of the FSW technology for the manufacturing 
of advanced fuselage structures using Third-Generation Al-Li alloys. In order to increase 
the TRL and MRL levels of this type of innovative structures, it is necessary to continue 
the research activities and some future lines that should be explored are suggested as 
follows: 

• Perform pull-out tests under fatigue loading conditions in order to understand 

better the effects of surface treatments and sealant in the properties of FSLW 

joints. 

• Manufacturing of more fuselage panel demonstrators to be used in static and 

dynamic tests at panel level. 3 more fuselage panel demonstrators will be 

manufactured in the near future. 

• Perform a study of robustness and reliability of the FSW process applied to the 

manufacturing of fuselage panel demonstrators. 

• Carry out a cost analysis and comparison with conventional technologies used in 

the manufacturing of fuselage panels. 

• Perform static and dynamic loading tests to the fuselage panel demonstrators in 

order to validate. A CfP project called DEMONSTRATE was launched under the 

project ecoTECH with the objective of testing the innovative fuselage panel 

demonstrators. The tests will be performed in the first semester of 2023 and it is 

expected to achieve TRL 6 if the results are satisfactory. 

• Develop EoL procedures for the innovative fuselage panels. A CfP project called 

ReINTEGRA was launched under the project ecoTECH with the objective of 

investigating appropriate EoL procedures for the fuselage panels manufactured 

using Third-Generation Al-Li alloys and welding technologies. An environmental 

impact analysis and comparison with conventional technologies will be done 

before the end of the project in 2023. 

• Development of suitable NDT technologies to evaluate the quality of FSLW joints 

produced in the fuselage panel demonstrators. 

• Develop new programs for continuous FSW manufacturing in the robotic FSW 

system in order to reduce the manufacturing time of fuselage panels. 

Many of the mentioned future lines will be conducted within the activities of the project 
ecoTECH during 2023. In case the results obtained in the tests at panel level are 
satisfactory, further steps towards the increment of TRL and MRL levels should be taken, 
for example, demonstrations in flight tests. The objective will be to advance towards the 
certification and qualification of the innovative fuselage panels and an implementation of 
the FSW technology for their manufacturing. 
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