
 

 

 

UNIVERSITY OF BERGAMO 

Department of Management, Information and Production Engineering 

 

Doctoral Degree in Technology Innovation and Management 

XXXIV  Cycle  

 

 

 

Friction Stir Welding : from t he Corrosion, Mechanical, 

Microstructural and Thermal Behavior of Aluminum Joints 

to the Development of a Comprehensive Simulation Model 

 

 

 

Thesis Supervisor 

Prof. Gianluca Danilo DôUrso 

 

 

Author 

Sara Bocchi 

PhD Candidate ID: 1014841 

 

Academic year 2020/2021 

  



 

 

 

  



 

 

 

  



 

 

 

  



 

 

Acknowledgements 

I would like to express my gratitude to my tutor Prof. Gianluca DôUrso, whose guidance 

stimulated me during all the activities carried out in these three years. His help and 

support have been crucial in my academic experience and his trust in my competences 

has been a great incentive to achieve these results. 

Besides my tutor, I am deeply grateful to Prof. Giancarlo Maccarini and Prof. Claudio 

Giardini for supervising my work, kindly sharing their wide-ranging knowledge and skill 

and guiding me towards all the academic and doctoral activities. They have been always 

extremely available to any question I had, also helping me to deepen my own 

understanding of all the involved scientific aspects. 

My sincere gratefulness to all my co-authors, from whom I had the opportunity to learn 

and become a better researcher, and to Prof. Chiara Ravasio, for all the activities in which 

she has involved me. 

I would like to thank Prof. Renato Redondi and Prof. Caterina Rizzi, the actual and 

previous coordinator of the Doctoral School, and all Faculty Members of the Doctoral 

Program in Technology, Innovation and Management of the University of Bergamo and 

University of Napoli Federico II. 

Many thanks to Prof. Mariangela Quarto and to Doc. Mattia Carminati, with whom I 

shared victories and defeats and for whom I have deep esteem. 

I thank also all the UniBg laboratories staff I worked with and especially the laboratory 

technicians Daniele, Luca and Massimiliano, always available for any request. 

Thanks to all the PhD mates and PhD students of the PhD room and the UniBg 

laboratories, especially to Alice, who immediately welcomed me into the PhD students 

room, and to Chiara, not only a valuable colleague, but a close friend as well.  

Last but not least, a very special thank goes to my family, above all to my parents and my 

sister, for the possibilities they offered me, the moral support and trust granted to me and 

for always being there to share even my smallest success. 

 

  



 

 

 



I 

  

Abstract 

In the last decades, aluminum has been proving to be a material of considerable 

importance in the engineering field, especially in the aeronautic and automotive sectors, 

because of its advantageous ratio between mechanical properties and weight. Significant 

importance in these fields is assumed by the aluminum precipitation-hardening alloys, 

which can achieve mechanical properties comparable to those of structural steel. 

However, these alloys, called high-strength alloys, are difficult to be welded with 

traditional methods and, to overcome this problem, alternative joining methods have been 

studied. 

In 1991, a new solid-state welding process called Friction Stir Welding (FSW) was 

developed at The Welding Institute, which allows the joining of a wide range of parts and 

geometries. 

In addition to the possibility of using this technology to weld materials that are difficult 

to weld, friction stir welding is demonstrating to be a promising green technology as it is 

characterized by high energy efficiency, due to the involved lower temperatures with 

respect to the traditional fusion welding techniques, and respect for the environment, 

because of the limited waste material and the avoided radiation and hazardous fumes. 

This characteristic is not negligible as it is well-known that, within the production field, 

manufacturing is one of the most polluting sectors and, nowadays, one of the most 

important challenges that the world is called to face is a sustainable development to 

reduce global pollution.  

This challenge especially regards CO2 direct and indirect emissions, an issue strictly 

related to the industry field which causes about 40% of the world emissions. Indeed, CO2 

emissions due to the industry have increased in recent years, except for the recent COVID 

effect.  

The main objective of this thesis is the in-depth study of Friction Stir Welding technology 

with the final aim of expanding its knowledge and the possibilities of its application, in 

order to make it more usable in the industrial field. 

To do that, this research was divided into two parts. In the first one, the variation of the 

microstructure and the characterization of the corrosion behavior of high-strength 

aluminum alloy joints welded with Friction Stir Welding technology were studied. 

Subsequently, based on the data experimentally collected in the first phase of the study 



II  

 

and on the found importance of the thermal input, the research was implemented by 

analyzing in detail the influence of the temperature involved in the process on the 

mechanical behavior and on the microstructure, using different external cooling systems. 

Downstream of the entire experimental collection, finite element simulation and artificial 

intelligence techniques were applied, as well as optimization algorithms, to build a 

predictive model capable of determining the input parameters as a function of the desired 

output parameters. 
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1. Introduction 

1.1. Aluminum Alloys  

Since its discovery in the nineteenth century, aluminum has established itself as a valid 

substitute for ferrous metals in various engineering applications. In fact, over the years 

both the production and the industrial consumption of this metal and its alloys have seen 

a rapid and constant development (Figure 1.1). 

 

 

Figure 1.1: World primary aluminum production (data from The International Aluminium Institute [1] ). 

 

The success of aluminum is to be found in its specific properties. In fact, with a density 

equal to one third of steel, aluminum excels where the lightness of the components is a 

critical factor, such as in the automotive and aeronautical sectors. Aluminum also has 

excellent resistance to atmospheric corrosion, which makes it particularly used in the 

architectural field and for interior furnishings. Aluminum is also often used for its 

electrical conductivity, which, for the same weight, is about double of copper. This makes 

it functional in electric motors as well as in high voltage lines. 

However, perhaps the most interesting feature of this metal is its predisposition to form 

alloys. By adding different alloying elements within the pure metal, it is possible to obtain 

a wide range of mechanical and physical properties, making aluminum extremely 

versatile and interesting from an engineering point of view. 
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1.1.1. Chemical composition 

2xxx Series 

The aluminum alloys belonging to the 2xxx series are aluminum/copper alloys (copper 

additions ranging 0.7-6.8 wt%). The main characteristic of this alloy family is the high 

mechanical strength, which allows the use of these aluminum alloys for aerospace and 

aircraft applications. Although they have excellent strength over a wide range of 

temperature, they are considered non-weldable by the traditional arc welding processes 

because of their susceptibility to hot cracking and stress corrosion cracking.  

As the main alloying element, the copper solubility within the aluminum matrix is shown 

in the phase diagram in Figure 1.2. 

 

Figure 1.2: Aluminum-copper phase diagram [2] . 

 

Within the 2xxx series, the most industrially used alloy is the AA2024, whose chemical 

composition is shown in Table 1.1, where it can be noted that the second most present 

alloying element is magnesium. 

 

Table 1.1: AA2024 chemical composition. 

 Composition (wt%) 

 Si Fe Cu Mn Mg Cr Zn Ti 

AA2024 0.50 0.50 
3.80-

4.90 

0.30-

0.90 

1.20-

1.80 
0.10 0.25 0.15 
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The main benefit of the addition of copper and magnesium within the aluminum matrix 

consists in the increase of the mechanical resistance, mainly obtainable through alloy heat 

treatments. 

Moreover, small percentages of iron allow to stabilize the size of the precipitates and 

improve the mechanical characteristics at high temperatures. However, with iron contents 

equal to -or greater than- 0.5% of the atomic weight, a decrease in the tensile strength is 

traceable; in fact, iron binds to copper to form Cu2FeAl7, decreasing the amount of copper 

available to harden the alloy by precipitation. To avoid this, silicon is added to the alloy 

in small quantities. This additional element binds both to iron, preventing the formation 

of Cu2FeAl7, and to magnesium, forming Mg2Si, which contributes to hardening by 

precipitation. 

 

5xxx Series  

The aluminum alloys belonging to the 5xxx series are aluminum/magnesium alloys 

(magnesium additions ranging 0.2-6.2 wt.%). This series are characterized by the highest 

strength among the non-heat treatable aluminum alloys, and for these reasons they are 

used for a wide variety of applications such as transportation, shipbuilding, pressure 

vessels, buildings and bridges. In addition, being non-heat treatable alloys, these series 

are weldable also with traditional welding techniques. In particular, the 

aluminum/magnesium alloys are often welded with filler alloys, which are selected after 

consideration of the magnesium content within the aluminum matrix and the application 

and working conditions of the welded component.  

As the main alloying element, the magnesium solubility within the aluminum matrix is 

shown in the phase diagram in Figure 1.3. 
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Figure 1.3: Aluminum-magnesium phase diagram [2] . 

 

Within the 5xxx series, the most industrially used alloy is the AA5754, whose chemical 

composition is shown in Table 1.2. 

 

Table 1.2: AA5754 chemical composition. 

 Composition (wt%) 

 Si Fe Cu Mn Mg Cr Zn Ti 

AA5754 0.40 0.40 0.10 0.50 2.60-3.60 0.30 0.20 0.15 

 

Magnesium forms intermetallic compounds with aluminum (Al3Mg2 and Al2Mg3): 

despite this, the 5xxx series alloys do not come subjected to heat treatments, because the 

treatment does not lead to a sensitive improvement of mechanical properties. In fact, the 

5xxx series is a work-hardening alloy series.  

As the content of magnesium rises, the mechanical characteristics increase, but the 

ductility is progressively reduced.  

Moreover, it is important to underline that 5xxx series alloys with more than 3.0% 

magnesium are not recommended for elevated temperatures because of their potential 

susceptibility to stress corrosion cracking, or problems associated with eutectic melting 

and with poor mechanical properties. 
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6xxx Series 

The aluminum alloys belonging to the 6xxx series are the aluminum/magnesium-silicon 

alloys (magnesium and silicon additions ~1%) and are widely used primarily in the form 

of extrusions and incorporated in many structural components. Their main characteristics 

are the high deformability, machinability and good corrosion resistance and mechanical 

properties (even if lower with respect to 2xxx and 7xxx alloys). The addition of 

magnesium and silicon to aluminum matrix produces a compound which provides to this 

material its ability to become solution heat treated for improved its mechanical strength. 

These alloys are naturally solidification-crack-sensitive and, for this reason, they should 

not be welded without filler material, thus generating possible corrosion problems due to 

galvanic coupling.  

The ternary aluminum-magnesium-silicon alloy phase diagram is shown in Figure 1.4. 

 

 

Figure 1.4: Aluminum-magnesium-silicon phase diagram [2] . 

 

Within the 6xxx series, the most industrially used alloy is the AA6082, whose chemical 

composition is shown in Table 1.3. 
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Table 1.3: AA6082 chemical composition. 

 Composition (wt%) 

 Si Fe Cu Mn Mg Cr Zn Ti 

AA6082 0.70-1.30 0.50 0.10 0.40-1.00 0.60-1.20 0.25 0.20 0.10 

 

The presence of silicon is due to the possibility to guarantee during the heat treatments 

the formation of the intermetallic Mg2Si, characterized by a strong hardening effect. In 

particular, the hardening treatment followed by an artificial ageing allows to ensure the 

precipitation of Mg2Si intermetallic particles finely dispersed in the matrix.  

 

7xxx Series 

The aluminum alloys belonging to the 7xxx series are aluminum/zinc alloys (zinc 

additions ranging 0.8-12.0 wt%). They include some of the highest strength aluminum 

alloys and, for this reason, these alloys are used in high performance applications such as 

aerospace, aircraft and competitive sporting equipment. Similarly to the 2xxx series, this 

series is considered non-weldable by the traditional arc welding processes.  

As the main alloying element, the zinc solubility within the aluminum matrix is shown in 

the phase diagram in Figure 1.5. 

 

Figure 1.5: Aluminum-copper phase diagram [2] . 
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Zinc has the greater solubility within the aluminum matrix. The rapid decrease in 

solubility with decreasing temperature causes zinc to precipitate abundantly as a second 

phase. However, the zinc particles do not have significant effects on the mechanical 

properties but, on the contrary, generate defects in case of hot working. 

Within the 7xxx series, the most industrially used alloy is the AA7075, whose chemical 

composition is shown in Table 1.4. 

 

Table 1.4: AA7075 chemical composition. 

 Composition (wt%) 

 Si Fe Cu Mn Mg Cr Zn Ti 

AA7075 0.40 0.50 
1.20-

2.00 
0.30 2.10-2.90 0.18-0.28 5.10-6.10 0.20 

 

The addition of magnesium permits the formation of MgZn2 precipitates which, unlike 

pure zinc precipitates, allow a better response to heat treatments. The alloy may have 

chromium in small quantities, which reduces the susceptibility to stress corrosion 

phenomena. The further addition of copper and small quantities of manganese allow to 

obtain the best mechanical properties for commercial aluminum alloys, creating 

CuMgAl2. However, both copper and zinc significantly worsen the corrosion behavior of 

aluminum, making this alloy particularly susceptible to corrosive phenomena. 

 

1.1.2. Heat treatments 

Aluminum has proven to be a material of considerable interest in engineering, especially 

in the aeronautic and automotive sectors, because of its advantageous ratio between 

mechanical properties and weight. Significant importance in these fields is assumed by 

the aluminum precipitation-hardening alloys, which can achieve mechanical properties 

comparable to those of structural steel (Figure 1.6) [3, 4]. 
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Figure 1.6: Trend of tensile strength as a function of ageing time for different aluminum alloys [5] . 

 

The precipitation hardening mechanism is based on the reduction of the solubility of the 

alloying elements (i.e. copper for the AA2024 and zinc for the AA7075), which occurs 

moving from high temperatures to room temperature at controlled cooling rate [6]. 

To obtain the desired result through the heat treatment, it is necessary to have elements 

whose solubility decreases with temperature inside the matrix. 

All t he heat treatments that allow to increase the aluminum alloys mechanical 

characteristics are based on two different and subsequent processes: solubilization and 

ageing. 

By carrying out a solubilization quench, that is moving in the solubility field with sudden 

cooling, the dispersion of the alloy elements is obtained in the form of clusters. 

Successively, these clusters split up to give nano-metric precipitates dispersed in the 

matrix that permit these alloys to reach the mechanical characteristics that distinguish 

them, by preventing the movement of the dislocations [7]. 

Solubilization involves maintaining the alloy at high temperatures for a long time. This 

consents to maximize the solubility of the elements that then will be involved in the 

subsequent treatment. The most effective temperatures are close to the solidus or eutectic 

temperature, where the greatest solubility and diffusivity occur, avoiding an incipient 

melting that could cause cracks or ductility  loss. 
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After the maintenance phase at high temperatures, a water or air quenching is conducted, 

depending on the desired cooling rate. In this way it is possible to obtain an oversaturated 

solid solution containing both the solute elements and the vacancies. 

If at room temperature the percentage of the alloy element is greater than its solubility 

threshold, this tends to segregate within the matrix. Therefore, there is the formation of 

agglomerates of solute atoms (called clusters) which, maintaining the same crystalline 

structure of the matrix, lead to a severe deformation of the crystal lattice. The clusters 

allow the stabilization of the dislocations, allowing to reach higher mechanical properties 

in terms of hardness and tensile strength. On the other hand, the precipitation of the 

second phases solute should be avoided, since they would lower the resistance of the 

alloy. 

The solubilized alloy is not stable, since the supersaturated solute tends to segregate over 

time with a process known as ageing. The increase in mechanical characteristics is 

maximum when a fine dispersion of the precipitates is obtained. The ageing of the alloy 

can be accelerated through a second heating at a temperature lower than the solubilization 

temperature, obtaining an artificial ageing. 

The temperature and the ways in which artificial ageing is achieved vary both according 

to the treated alloy and to the characteristics to be obtained. 

The alloys belonging to the 2xxx series are normally supplied in the T3 or T4 state, 

abbreviations that indicate a heat treatment of solubilization and a subsequent natural 

ageing. The T3 heat treatment involves a cold processing phase between solubilization 

and ageing. Cold plastic deformation allows to obtain even higher mechanical properties 

than ageing alone. 

Natural ageing consists of maintaining the alloy at room temperature (or slightly higher) 

for a prolonged period. During this time, a structure is spontaneously formed 

characterized by the presence of Guinner-Preston (G.P.) zones, where the clusters of 

precipitates and solutes aggregate in the crystal lattice. The zones thus formed oppose 

greater resistance to the path of the dislocations with respect to the crystal lattice of the 

base metal, generating the desired increase in mechanical strength. 

Natural ageing is an extremely slow process and, for some alloys such as those belonging 

to the 7xxx series, it does not ensure the achievement of stable conditions. On the 
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contrary, the 2xxx series has a stable structure already for rather limited maintenance 

periods, as it is possible to observe in Figure 1.6. 

The alloys belonging to the 6xxx and 7xxx series are normally supplied in the T6 or T8 

state, that indicate a heat treatment of solubilization and artificial ageing. The T8 heat 

treatment provides, similarly to the T3 treatment, a cold processing phase between 

solubilization and ageing, which allows to obtain even higher mechanical properties than 

ageing alone. 

Artificial ageing involves exposing the alloy to temperatures higher than the room 

temperature (Figure 1.7 and Figure 1.8). The goal is to obtain the metastable form, also 

called transition form, starting from the equilibrium precipitates; this transition form 

remains consistent with the solid solution matrix and therefore contributes to hardening 

by precipitation. However, as the ageing temperature increases, the precipitates grow and 

convert back to the state of equilibrium, which is generally not consistent. These changes 

result in a loss of mechanical characteristics reaching worse conditions than the untreated 

base metal. This phenomenon is called over-ageing. To overcome this problem, it is 

possible to divide the ageing process into two phases, lowering the temperature after a 

certain period. As shown in Figure 1.8, the AA7075 presents the best mechanical 

characteristics for a two-step ageing, while the single-step aged alloy shows a decrease in 

hardness beyond sixty hours. 

 

 

Figure 1.7: Artificial ageing of AA6082 [8] . 
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Figure 1.8: Artificial ageing of AA7075. 

 

However, these alloys are characterized by a considerable difficulty in welding, since the 

achievement of the melting temperature leads to the elimination of this treatment and 

therefore to the rapid decline of the mechanical properties. 

In fact, the high temperature reached in traditional welding techniques leads to the 

diffusion of the heat coming from the welding joint in the surrounding areas, creating a 

very wide heat affected zone characterized by an important microstructural alteration. 

These microstructure changes lead to an enlargement of the grains, responsible for the 

reduction of mechanical properties. Hall and Petch (H-P) have demonstrated that the 

strength of metallic materials increases when the grain size is smaller, as shown by the 

following relationship [9]: 

„ „ Ὧ ЍὨϳ  (1) 

where ůy is the yield strength, ů0 is a constant for the starting stress for dislocation 

movement and it depends on the material, ky is H-P slope and d is the average grain 

diameter.  

For these reasons, over the years, numerous alternative welding technologies have been 

developed to reduce the amount of heat generated during the process, including Friction 

Stir Welding. 
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1.2. Friction Stir Welding  

Friction Stir Welding (FSW), patented by The Welding Institute of Cambridge in 1991, 

is a solid-state welding method that allows permanently joining a wide range of parts and 

geometries (Figure 1.9) [10, 11]. 

This process proves to be predominant for the welding of non-operable materials using 

thermal methods, such as sintered materials, magnesium [12], copper, Inconel and 

superalloys, titanium [13], metal-matrix composites [14] and thermoplastic materials 

[15]. In particular, it is used for high resistance aluminum alloys, which are difficult to be 

joined with traditional techniques because of their typical microstructure alteration during 

age hardening. Furthermore, this technology permits the solid-state welding in different 

configurations and the joining of dissimilar alloys [16, 17]. From a structural point of 

view, FSW introduces joints welded without overlapping flaps and the removal of 

connecting parts, such as rivets, with a reduction in both weight and cost [18]. 

 

 

Figure 1.9: FSW process. 

 

Since the material is remixed in a solid state, without ever reaching the melting 

temperature, this type of welding is identified as cold welding. In fact, the maximum 

reached temperatures do not exceed the 75-80% of the melting temperature (i.e., 

approximately 660 °C for aluminum) [19]. 

The main advantages of this technology are, in addition to the ability to weld otherwise 

problematic metals, the lack of distortion of the joint, the excellent mechanical properties 

of the latter, as well as the reduction of energy consumption and material waste and the 

absence of radiation and dangerous emissions for the operator. 
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As a solid state process, FSW eliminates many of the defects associated with fusion 

welding techniques such as shrinkage, hot cracks and shrinkage porosity [20], gaseous 

inclusions and slags in the molten area. 

In fact, the heat-affected zone generated by a traditional welding technique is 

characterized by various types of defects and problems. For example, porosity can be 

generated due to any gas trapped during solidification, or inclusions of slag, such as 

oxides, remaining in the joint can make it very brittle. One of the most important welding 

problems consists of the hot or cold cracks generated during the weld solidification (due 

to the presence of impurities) or during the weld cooling (due to the residual stress 

generated by the hydrogen trapped in the joint). 

Furthermore, the friction stir welded processed material undergoes intense plastic 

deformation, generating a microstructure consisting of recrystallized small and equiaxed 

grains [18, 21] which guarantee a lower decay of mechanical properties compared to 

fusion welds [16, 22, 23]. The limited thermal flux involved in the FSW process leads to 

an important reduction of the residual stress state of the welded joints and of the 

distortions of the final products [24]. 

 

1.2.1. Applications 

FSW is a relatively simple welding process, quite easy to apply in a high-rate production 

system since it allows to weld rather thick pieces in a single pass. For these reasons, FSW 

technology is applied in numerous commercial fields. 

The shipbuilding and marine industries are two of the first sectors that have adopted the 

process for commercial applications [25]. 

Until now, however, the sector that is most using and investing to implement the 

application of FSW technology is the aerospace sector. In fact, numerous prototypes have 

been developed in order to make this technology more usable, especially regarding fuel 

tanks, airframes, and thin alloy skins [26]. 

The opportunity to weld skins to spars, ribs and cross members for military and civil 

aircraft, offers significant advantages over riveting and machining from solid, such as 

reduced production costs and weight savings. Friction Stir Welding has been also used 

successfully for performing longitudinal butt welds in Al-alloy fuel tanks for spacecraft. 
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There are also developments regarding applications in the commercial production of 

high-speed trains based on aluminum extrusions and the possibility of using this type of 

joint is being evaluated by various car manufacturers [27]. 

 

1.2.2. Process and tool 

The flow of the metal and the generation of heat in the plasticized material around the 

tool are fundamental in the friction process. The deformation of the material redistributes 

the heat generated by friction, creating a temperature field inside the weld, which also 

depends on the state of stress to which the sheet is subjected. 

In fact, the control of the temperature and the achieved state of stress is the basis of all 

aspects of the FSW, such as, for example, the optimization of process speeds, the machine 

loads, the reduction of macroscopic defects, the control of the evolution of the 

microstructure and, consequently, the resulting properties of the weld [28].  

The joining of the parts is achieved by a suitable tool which, during its roto-translation, 

has the task of mixing the material along the flaps in the plastic field with dynamic 

recrystallization phenomena (Figure 1.10). 

 

 

Figure 1.10: Schematic representation of the FSW process [29] . 

 

The heat generated by the friction between the pin and the surrounding material and the 

pressure applied by the tool shoulder cause the plasticization and the mixing of the metal, 

thus allowing the advancement of the pin and forming a solid solution between the two 

joint edges [30, 31]. 
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The tool is a critical component for the success of the process. It typically consists of a 

circular section rotating shoulder and a pin, with many possible configurations (Figure 

1.11). 

 

Figure 1.11: FSW tool types [32] . 

 

The pin is responsible for heating by friction and remixing the plasticized workpiece. For 

this reason, the pin diameter should be proportional to -and its length less than- the 

thickness of the pieces to be weld. 

Since its importance for the process quality, several authors studied the influence of 

different pin geometries on the mechanical properties and on the microstructure of the 

joints.  

Biswas et al. found that straight cylindrical pins were subjected to breakage, as they 

generate a very high level of stress at the base of the shoulder during processing [33]. The 

problem of the break may be mitigated by varying the geometry of the pin. For example, 

using a conical geometry, the amount of cold material still to be welded decreases as the 

smaller diameter of the pin is approached, involving a lower volume of less ductile 

material. 

A further improvement in the surface quality of the joints was achieved using threaded 

pins. This kind of pin have a double benefit: firstly, they intensify the mixing of the 

material around the weld and, secondly, they promote a better fragmentation of the grains. 
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Regarding the tool shoulder, it performs two important functions: it generates the friction 

necessary to plasticize the material to be welded and prevents the leak of plasticized 

material from the joint area. 

An analysis conducted on the influence of the tool shoulder geometry demonstrated that 

the size of the grains increases as the diameter of the shoulder increases, since this leads 

to a greater generation of heat and a higher plastic deformation. 

Furthermore, tools characterized by shoulders having larger diameters allow to obtain 

joints with improved tensile strength [34]. 

The lack of molten material along the joint, a feature that makes technology competitive 

in the modern landscape, is problematic for the duration of the tool's useful life. In fact, 

the tool is subject to high loads and temperatures resulting from friction, especially for 

the joining of steel and titanium alloys. 

The high cost of the tool and its reduced useful life are the main causes of the still limited 

commercial applications of FSW applied to steel and titanium alloys. 

As regards the machining of light alloys, such as aluminum and magnesium, steel tools 

are commonly used [35]. Indeed, a material is required whose yield strength must remain 

high enough to prevent plastic deformation during the process. 

In addition, the tool is essential to have excellent resistance to abrasion at high 

temperature and a high resistance to hot oxidation, to avoid an excessive consumption of 

the tool and pollution of the welding, with consequent decay of the welding quality. 

 

1.2.3. Main process parameters 

The most important parameters for a good FSW process are: 

¶ Tool feed rate [mm/min], 

¶ Tool rotational speed [rpm], 

¶ Tool penetration depth [mm], 

¶ Tool tilt angle [°] . 

 

Tool feed rate and rotational speed 

The tool feed rate and the rotational speed are the most important parameters for the 

process. 
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Indeed, the tool rotation causes the agitation and the mixing of the material around the 

pin and the translation of the tool along the welding line moves the plasticized material 

by the front to back of the pin. The higher the tool rotational speed, maintaining constant 

the feed rate, the higher the temperatures generated by friction, the more intense the 

agitation and the mixing of the material are obtained [36]. 

Lee et al. reported higher hardness values recorded on FSWed AA6061 for high tool 

rotational speed due to the presence of many second phase precipitation hardeners [37]. 

Similar results were obtained on an AA2024-T3: increasing the tool feed rate, a modest 

increase in mechanical resistance and in ductility of welded joints was generated [33].  

The relationship between the welding speeds (feed rate and rotational speed) and the heat 

input provided during the process is very complex but, in general, increasing the rotational 

speed and reducing the feed rate, a welding with a higher temperature is obtained.  

However, welded joints with too high temperatures are to be avoided, as welds 

characterized by too low temperatures are undesirable: if the thermal contribution 

generated the friction between the tool and the edges to be welded is insufficient, 

problems of plasticity and deformations of the joint occur [38].  

In conclusion, by carefully choosing the combination of the feed rate and rotational speed, 

it is possible to control the heat input generated by the friction during the process, thus 

obtaining a quality weld with good mechanical characteristics. 

 

Tool penetration depth 

The tool penetration depth is defined as the depth of the plus point shoulder below the 

surface of the welded plate, and it is considered as a critical parameter to ensure the 

quality of the weld. The tool penetration depth must be chosen to guarantee both the 

necessary vertical pressure, responsible for containing the material moved by the tool 

limiting the generation of excessive burrs, and the complete penetration of the tool into 

the workpiece. 

An excessive penetration depth would risk causing rubbing of the pin against the support 

plate compromising the use of both tools. On the contrary, a reduced depth, due to 

possible vibrations of the machine, could lead to a non-filling of the joint and, therefore, 

to an incomplete welding. 
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Tool tilt angle 

To make the tool mixing function even more efficient, it is appropriate to provide an 

adequate angle of inclination of the tool (tilt angle). In fact, it has been demonstrated that 

the FSWed joints made with a tool tilt angle equal to 0° are characterized by a higher 

incidence of defects, and this consequently leads to the weakening of the joint. This is 

due to part of the plasticized material accumulated on the shoulder, increasing the force 

with which the material opposes to the advancement of the tool. On the contrary, 

exceeding in the dimensioning of the tilt angle would lead to the formation of a concave 

weld, with a consequent limited resistant section. The best tool tilt angle is strictly related 

both to the material and to the characteristics of the plates (geometry and thickness) to be 

weld [39ï41]. 

 

1.2.4. Weld morphology 

The materials welded by Friction Stir Welding have characteristic zones along the section 

perpendicular to the welding direction with different properties (Figure 1.12). 

 

   

Figure 1.12: Schematic illustration of the areas that have undergone variations during the process [42] . 

 

Three different areas of the weld can be identified: 

Åthe advancing side, where the feed rate and the rotational speed have the same 

direction; 

Åthe retreating side, where the feed rate and the rotational speed have opposite 

directions; 

Åthe nugget. 
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G. Sorger et al. demonstrated a difference in heat input between advancing side and 

retreating side in welded joints [43]. The material in the advancing side undergoes a 

higher plastic deformation and, consequently, it is always hotter than retreating side. 

The intense plastic deformation and the high temperatures involved in the material mixing 

cause significant changes in the microstructure as well as in the precipitates present in the 

joints to be welded.  

Basing the microstructural characterization of the joints on grains and precipitates size, it 

is possible to divide the FSWed joint structure in four characteristic zones [30]:  

¶ nugget of fully recrystallized material close to the welding line; 

¶ thermo-mechanically affected zone (TMAZ) that undergoes both heating and 

plastic deformation; 

¶ heat affected zone (HAZ) in which the welding thermal cycle has caused an 

important alteration of the microstructure; 

¶ base material that undergoes a weak thermal cycle, linked only to the conduction 

of heat that comes from the center of the joint, without showing alterations of the 

microstructure. 

 

Nugget 

In this area, a recrystallized microstructure characterized by a fine and equiaxed grains 

with a preferential distribution of second phases at the grain boundaries is present. The 

continuous and dynamic recrystallization of the grains is due to the mechanical action 

performed by the pin. The tool destroys the original microstructure generating new grains, 

which undergo a dimensional transformation until they become equiaxial. 
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Figure 1.13: AA7055 nugget microstructure [44] . 

 

The microstructure of the nugget is strictly dependent on the process parameters, the 

geometry of the tool and the reached temperatures. 

S. Benavides et al. showed that decreasing the reached temperature through external 

cooling, a recrystallized grains size reduction arises [45]. The same effect is achievable 

by reducing the ratio between rotational speed and feed rate. The dimensional order of 

the nugget grains is about one-tenth of the base metal grains. It has been observed that, 

increasing the tool rotational speed, the nugget zone section enlarges. Furthermore, for 

high tool rotation speeds, it also increases the average size of the grains in the nugget area 

[46]. 

Another characteristic aspect of the nugget is the simultaneous aggregation in clusters 

and dissolution of precipitates. This phenomenon is due to the high frictional forces that 

occur along the welding line, which lead to an increase in temperature up to 500 °C. 

 

Thermo-mechanically affected zone 

The thermo-mechanically affected zone undergoes both thermal and mechanical action 

of the process, but it does not manifest the recrystallization phenomenon of the grains as 

strain stress suffered by the affected material it is not enough [47]. There is a mixed 

structure in which the original crystalline grains coexist with smaller and rounded grains, 

and an increase in the dislocation concentration is detachable. 
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Figure 1.14: Nugget (NZ)-TMAZ transition zone [48] . 

  

In the TMAZ, dissolution of some precipitates, due to high temperature exposure during 

FSW process, was observed [49]. The extent of dissolution depends on the thermal cycle 

experienced by the single joint. 

 

Heat affected zone 

The structural modification of this area depends on the maximum temperature reached 

and on the starting conditions of the material. 

R. S. Mishra et al. defined the HAZ as an area that experiences an increase in temperature 

above 250°C [30]. This thermal exposure modifies the structure of the precipitates. 

Indeed, the structure of the grains remains unchanged with respect to the base material 

ones, but the welding causes in this area the swelling of precipitates with a consequent 

increase in precipitate free zones (PFZ) [50]. 

Therefore, the HAZ shows the lowest hardness and strength among the FSW 

characteristic zones and, generally, the fracture of the joints occurs in this area [51]. 
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1.3. Research Issues 

This work aims to study and assess the FSW process from the mechanical and corrosion 

point of view and study in the deep the applicability of this technology in the production 

field.  

When considering the behavior of Friction Stir Welded joints, itôs normal practice to 

focus the attention on the mechanical characteristics of the welds.  

In literature many efforts have been conducted also to investigate the corrosion resistance 

of the joints, since it can modify the typical behavior of the welded parts, especially if 

subjected to a load in a potential aggressive environment. Even though studies about the 

corrosion behavior of friction stir welded joints are already available in literature, a lack 

of information can be observed in the correlation between corrosion behavior and welding 

process parameters. 

For this reason, the first objective of this work is to analyze if and how the process 

parameters (namely rotational speed and feed rate) affect both the mechanical properties 

and the corrosion behavior of butt joints obtained on different aluminum alloys by FSW. 

Regarding the corrosion behavior, intergranular corrosion tests, long term exposure tests 

with and without an external applied load, open-circuit-potential monitoring, 

electrochemical impedance spectroscopy, constant load tests and slow strain rate tests, 

varying the process parameters of the Friction Stir Welding process, were conducted. 

For the mechanical characterization, Vickers micro-hardness, Rockwell hardness tests 

and tensile tests were performed.  

To validate the results, metallographic and microstructural analyses were done, through 

the use of both an optical microscope and a SEM EDX equipped.  

After that, it was clear how the thermal cycle (linked to the ratio between the feed rate 

and the rotational speed) of the joints influences the mechanical characteristics. This led 

to study if and how the mechanical behavior of the joints could be improved by adequately 

controlling the temperature variation. For this reason, it is very important to increment 

the knowledge about the thermal history of the joint and how the heat generated by 

friction and stirring diffuses inside the sheet during the process. 

Several researchers have studied in the last years the response of a specific aluminum 

alloy to a certain cooling treatment during the welding process. However, little has been 
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done on the comparison of the effects of the same water-cooling approach applied to a 

different series of aluminum alloys.  

To fill this gap, both precipitation-hardening alloys (AA2024-T3, AA6082-T6 and 

AA7075-T6) and a work-hardening alloy (AA5754-H111) have been considered to 

evaluate the difference between the properties of the joints welded with traditional air-

cooled FSW process and those obtained by combining a traditional FSW setup with a 

water-cooling system. One of the most important goal of this research is the prediction 

and the optimization of the process performances and the weld quality as a function of 

both process conditions and welded materials, but this topic is very difficult to reach, due 

to the large number of variables involved and the complexity of the process. In fact, the 

solution of optimizing the process performance by considering each process parameter 

independently is the simplest approach, but its industrial applications are restricted owing 

to its very limited validity. To overcome this problem, many techniques such as multi-

objective optimization techniques, Artificial Neural Network (ANN) and regression 

analysis have recently received great attention, above all by combining different 

optimization algorithms. 

In this research, a hybrid methodology involving an Artificial Neural Network together 

with a Particle Swarm Optimization (PSO) for predicting the main properties and 

suggesting the optimal process parameters for FSW process was developed in order to set 

both input and output values leaving to the PSO algorithm the identification of the other 

values able to minimize or maximize a predefined objective function. 

From the literature review, it was possible to notice that, so far, ANN research applied to 

the FSW process has been focusing only on the analysis of a single material or on a 

specific combination of materials. Indeed, the approach proposed in this research could 

efficiently respond to different industry needs, since the technicians are free to set factors 

from both process parameters (in this case: material, rotational speed, feed rate and 

cooling condition) and process outputs (i.e., ultimate tensile strength and Rockwell 

hardness in correspondence to the different characteristic zones of the welding) while the 

other process variables are automatically optimized. 

To conduct a deeper analysis, also a hybrid approach involving a Finite Element Model 

and an ANN was developed that allowed predicting the mechanical properties of the joint 

starting from the maximum reached temperature. 
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Through a comparison with the collected experimental data, a finite element model for 

the simulation of a friction stir welding process to predict the temperature distribution 

when using both air and water-cooling systems was set-up.  

Then, the temperature data derived from the simulation were used as input for the ANN 

with the final aim to predict the hardness values, characterizing a specific position on the 

surface of the samples. 

This kind of approach could be useful in the production field as it is able to predict well-

determined in space hardness values only as a function of the temperatures locally reached 

during the welding process. 
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2. Literature Review 

2.1. Microstructure 

Since the importance to understand the effects of process parameters and process setup 

on the weld quality, several authors studied these aspects with particular attention to the 

quality of FSW joints in terms of mechanical properties (UTS, fatigue resistance etc.) 

[52ï54]. Tool rotational speed has been considered as one of the most important process 

variables: high rotational speeds may raise the strain rate, so affecting the re-

crystallization process. Moreover, some authors showed that high welding speeds are 

related to low heat inputs, which gives rise to faster cooling rates of the joint. This can 

reduce the extent of metallurgical transformations taking place during welding (such as 

solubilization, re-precipitation and coarsening of precipitates) and hence the local 

strength of individual regions across the weld zone.  

 

AA2024  

According to the study conducted by Philippe Heurtier on the AA2024, there is a clear 

difference in the size and orientation of the grains in the three main areas affected by the 

welding process [55]. The nugget zone is characterized by a relatively homogeneous 

structure, with small equiaxed grains with an average size of 4.55 ɛm. The deformation 

map reported in Figure 2.1 shows an almost completely recrystallized zone with a lack of 

intergranular deformations. 

 

 

Figure 2.1: Dimensions of the grains with relative deformations at the nugget [55] . 
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The microstructure of the advancing side is characterized by a clear demarcation between 

the nugget and the TMAZ. The nugget is made up of fine and relatively homogeneous 

grains, while the TMAZ has larger elongated grains, averaging 13.5 ɛm (Figure 2.2). 

 

 

Figure 2.2: Dimensions of the grains with relative deformations in the advancing side [55]. 

 

The retreating side of the FSW joint has a more complex microstructure, without a clear 

demarcation between the nugget and the TMAZ (Figure 2.3). 

 




































































































































































































































































































































































































































