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1. INTRODUCTION 

This chapter is devoted to describing the theoretical issues related to the topic of the dissertation. 

The first part briefly characterizes the properties of aluminum alloys with particular emphasis 

on their weldability, the second part characterizes the friction stir welding method. The third 

part of the chapter refers to a brief review of applications of the friction stir welding method to 

aluminum alloys with a special emphasis on the process parameters. An extensive literature 

review and analysis of the current state of the art is included in two review articles provided as 

part of this dissertation. 

1.1. Aluminum and its alloys – properties, applications, and weldability  

Aluminum is a silver-white-colored element with the chemical symbol Al and an atomic number 

13. Its amount in the Earth's crust is estimated at 8 %. With this respect, it ranks as the third 

most abundant element after oxygen (45,5 %) and silicon (25,7 %) [1]. It can be found in many 

minerals, always in combination with other elements. It is a metal with relatively good corrosion 

resistance and good conductivity of electricity and heat. Aluminum is one of the lightest metals 

on Earth [2]. Its specific weight of approximately 2.70 kg/dm3 is the equivalent of about one-

third that of steel (7.9 kg/dm3) or copper (8.93 kg/dm3) [3]. The use of aluminum in its pure 

form is limited, mainly because of its low strength. Yield strength is almost always lower than 

that of steel [4]. However, this disadvantage is balanced by its lower density, allowing the cross-

sectional area of the component to be increased until the desired strength is reached while 

retaining a lower weight. Pure aluminum is used for electrical conductors, in the manufacturing 

of foils, in powders for plating utensils, paints, and as a component of alloys [5].  

Much greater use is found in aluminum alloys, which are also called light alloys due to their low 

density. The most commonly used alloying elements are copper, silicon, magnesium, 

manganese, nickel, and zinc. Alloying additives primarily increase strength, corrosion resistance 

and improve machinability [6]. Aluminum alloys are divided into cast and wrought alloys. 

Wrought and cast aluminum alloys employ distinct identification systems. Cast aluminum alloys 

have a four- or five-digit number followed by a decimal point. The numeral in the hundredth 

place indicates the component of the alloy, while the digit after the decimal point identifies the 

form (cast shape or ingot). The most commonly accepted naming system for wrought alloys is 

consistent with the International Alloy Designation System [7]. Each alloy is characterized by 

four numbers. The first identifies the principal alloying elements, the second - if it is different 

than 0 - specifies the alloy variety, while the third and fourth digits define the specific alloy in 

the series. The series identification is presented in Table 1.  
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Table 1 – Identification designation of wrought aluminum alloys 

Series Description 

1000 
Essentially pure aluminum, with a minimum 99 % aluminum content by 

weight. Can be work hardened. 

2000 
Alloys with cooper as a main alloying element. Can be precipitation hardened 

to strengths comparable to steel. Formerly defined as duralumin. 

3000 Alloys with manganese as a main alloying element. Can be work hardened. 

4000 Alloys with silicon as a main alloying element.  

5000 
Alloys with magnesium as a main alloying element. Most 5000 series alloys 

include also manganese. Characterized by very good corrosion resistance.  

6000 
Alloys with magnesium and silicon as the main alloying elements. Can be 

precipitation hardened, but not to a high strength. 

7000 

Alloys with zinc as a main alloying element. Most 7000 series alloys include 

also magnesium and cooper. Can be precipitation hardened to the highest 

strengths of any aluminum. 

8000 
Alloys with alloying elements not covered by the above series (for example 

with lithium as a main alloying element). 

 

Both cast and wrought aluminum alloys can be further divided into heat-treatable and non-heat-

treatable alloys. The temper indication follows the alloy designation number with a dash, a letter, 

and a one- or three-digit number. The designations of tempers are presented in Table 2. 
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Table 2 – Designation of tempers for aluminum alloys 

Temper 

designation 
Description 

F As fabricated 

H 

Cold worked, with or without thermal treatment, among them: 

H1 - Strain hardened, with no thermal treatment 

H2 - Strain hardened, partially annealed 

H3 - Strain hardened, stabilized by low-temperature heating 

O Annealed 

T 

Heat treated to produce stable tempers, among them: 

T1 - Cooled from hot working, naturally aged 

T2 - Cooled from hot working, cold worked, naturally aged 

T3 - Solution heat treated, cold worked 

T4 - Solution heat treated, naturally aged 

T5 - Cooled from hot working, artificially aged 

T6 - Solution heat treated, artificially aged 

T7 - Solution heat treated, stabilized 

T8 - Solution heat treated, cold worked, artificially aged 

T9 - Solution heat treated, artificially aged, cold worked 

T10 - Cooled from hot working, cold worked, artificially aged 

W Solution heat treated 

 

Aluminum, and especially its alloys, due to its unique properties - high strength relative to low 

density, ability to self-passivation, good electrical and thermal conductivity, and good 

machinability result in an increasing construction application of this material. Aluminum alloys 

are second behind only steel in use as structural metals [3]. In Western Europe, the production 

of primary aluminum (from ore) is over 3 million tons per year and the production of secondary 

or recycled aluminum is almost 2 million tons per year [8]. The economic issues of using 

aluminum alloys are making them increasingly popular in many industries. Due primarily to its 

low specific weight, aluminum alloys are widely used in the aerospace industry [9]. Aluminum 

alloy panels are used in Airbus 380 construction [10]. In Comac ARJ21 aircraft there is about 

50 kg aluminum alloy skin plate [11]. Aluminum alloys, especially from series 6000 are 
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commonly used in the high-speed train industry to produce profiles and carriage components 

[12,13]. By reducing the weight of components of aluminum, the energy needed to accelerate 

and deaccelerate a car is lower. Owing to that, the payload of a vehicle can be increased. It might 

significantly affect the machine running costs [14]. Aluminum alloys are also widely used in 

civil engineering. The history of aluminum alloys in the bridge industry dates back to 1933, 

when a bridge on an existing structure, the Smithfield Street Bridge in Pittsburgh, USA, was 

constructed from this material [15]. The Arvida Bridge is currently the longest aluminum bridge 

structure with a center span of 88.4 meters [16]. Aluminum alloys are also extremely popular in 

the automotive industry. Back in 1913, NSU produced a car with a body made entirely of 

aluminum. Another examples, among many others, are Ford 2000 aluminum body both and a 

higher class Audi A8 made of stamped aluminum parts [17]. The 5000 and 6000 series alloys 

are applied in shipbuilding due to their good corrosion resistance [18–20]. 

Welding is a common manufacturing process employed in the production of aluminum alloy 

components. It is an effective and economical way of joining two or more pieces of metal 

together. Aluminum welding is a very extensive issue, and only the correct proposal of the 

method and parameters of the process will make it possible to obtain reliable welds. 

Determination of the weldability of aluminum alloys strictly depends on their chemical 

composition. In general, some aluminum alloys can be considered relatively weldable, while 

some alloying additives cause the use of conventional welding methods to be difficult. 

Aluminum itself also exhibits properties that are challenging from a weldability perspective. 

Aluminum has a high thermal conductivity (about 200 
𝑊

𝑚·𝐾
) [21]. This value is almost four times 

higher than for steel [22]. This makes it difficult to concentrate energy during welding, which 

is why high-energy sources such as laser or electron beam welding are particularly 

recommended [23–25]. Due to the high thermal conductivity, the cooling of the metal in the 

weld pool is also a concern. Rapid solidification of the liquid metal affects the increased risk of 

porosity in the weld. Aluminum alloys are one of the metals most susceptible to porosity [26]. 

Particularly dangerous in terms of a potential porosity of a weld is hydrogen. Hydrogen appears 

to be present due to water vapor or hydrocarbon contamination from oils, greases, lubricants, 

and solvents. It is crucial to clean the components to be joined and the filler wire immediately 

before the process, as well as to use shielding gases. The chemical composition of the alloy also 

affects the porosity of the weld [27]. Magnesium reduces hydrogen absorption into the liquid 

metal, up to twice with an alloying addition of magnesium in aluminum of 6 %. Copper and 

silicon, in contrast, have the opposite effect [8]. As mentioned earlier, aluminum has the ability 

to be passivated. This means that a tight layer of Al2O3 is formed on the surface of the metal, 

which protects the metal from corrosion [28]. However, it should be noted that the Al2O3 melting 

temperature is about 2050 °C, while aluminum alloys melt at about 660 °C. This negatively 
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affects the weldability of aluminum alloys. Therefore, achieving the melting point of the 

aluminum alloy during welding is insufficient to melt the aluminum oxide. A continuous or 

fractured ceramic layer will remain in the weld. It might result in severe incomplete fusion 

defects. It is extremely important to remove the oxide layer immediately before welding. 

Aluminum oxide can be removed by mechanical processes (brushing with a stainless steel brush, 

cutting with a saw, or grinding with semi-flexible grinding discs), chemical etching, or pickling 

[8]. Degreasing should be also performed before mechanical cleaning. Another important aspect 

is the high coefficient of thermal expansion of aluminum (23.6·10-6 
1

°𝐶
). Its value is twice as 

high as for steel. This causes large welding deformations [29]. High stresses affect the 

occurrence of weld cracks. Solidification cracking occurs in the center line of the weld, typically 

extending along the line during solidification. Solidification cracking can also occur in the weld 

crater at the completion of the welding procedure. Liquation cracking can also be observed in 

the case of welding of aluminum alloys. It occurs in the heat-affected zone, when layers with a 

low melting point are formed at the grain boundaries. They are not able to withstand the 

contraction stresses created during the solidification and cooling of the weld metal [30]. 

It should be noted that most of the issues affecting the weldability problems of aluminum are 

caused by a change in the state of the metal. Therefore, it is preferable to use joining methods 

in which the melting point of the metal is not reached. Thus, fusion welding techniques are being 

replaced by solid-state welding techniques. An example of such a method is friction stir welding 

(FSW). 

1.2. Friction stir welding 

Friction stir welding is an innovative solid-state welding method, invented in 1991 in The 

Welding Institute of the United Kingdom [31]. This method, initially dedicated to aluminum 

alloys, today is also successfully used to join copper and its alloys [32–34], magnesium and its 

alloys [35–37], steels and ferroalloys [38–40], and even titanium and its alloys [41–43]. It is 

also widely used in joining polymers [44–46], metallic and polymer matrix composites [47–49]. 

It also allows the manufacture of dissimilar joints, with materials that differ significantly in 

mechanical and physicochemical properties [50–52]. According to its definition, friction stir 

welding is a solid-state welding process. This implies that the materials can be joined without 

reaching their melting point. Thus, several problems occurring during the fusion welding 

process due to a change of a state, described before, can be eliminated [53]. 

The principle of forming a joint by friction stir welding is relatively simple. The essence of 

creating a joint is to use a tool with a specially designed geometry, which, by its very principle, 

should be non-consumable. In this regard, a very important issue is the proper selection of the 
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material for the tool. The tool consists of two integral parts - a pin and a shoulder. The tool put 

into rotational motion plunges into the material on the joint line. Due to the forces involved, it 

is necessary to rigidly fix the components to be welded, the surfaces of which on the joint line 

must be pressed together. During the process, the contact between the surfaces of the shoulder 

and the workpieces to be welded must be strictly controlled. One of the process parameters is 

the axial force and plunge depth of the shoulder. The tool pin is plunged into the material and is 

primarily responsible for mixing the material. Then the tool, all the time performing rotational 

motion at a certain speed, begins to move in a linear motion along the joint line, forming the 

weld. In the course of the process, the kinetic energy of a non-consumable welding tool fitted 

with a uniquely devised shoulder and pin transforms into thermal energy generated by the 

friction of a tool traveling along the edge of a contact line. Heat and softening of the material 

are provided by the friction generated on the interface between the tool and components. The 

rotating tool leads to the plastic deformation of the material of the workpiece. Plasticized 

material is mixed and extruded around the tool in a backward direction and a final joint is 

formed. 

A butt joint is shown in Figure 1 as an illustration of the process, however, FSW allows the 

fabrication of joints of other types. Typically, this method is used to produce butt welds, lap 

welds, and corner welds [54,55]. 
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Figure 1. Schematic illustration of friction stir welding process. 

This method is considered a green technology. Since the melting point of materials is not 

reached during the process, energy consumption is lower. In addition, the process uses a non-

consumable tool. There is no need for fluxes, electrodes, or shielding gases. Furthermore, the 

amount of CO2 released into the atmosphere can be reduced [56]. The control of the process 

in the FSW method is easier to be realized. After establishing the optimal set of parameters there 

is no need to apply non-destructive testing. This allows for reducing the pollution generated by 

sprays used in magnetic and visual inspections or, in the case of applying X-ray tests, radiation 

exposure. 

One of the main process parameters is the geometry of the tool. The geometry directly affects 

the process of generating frictional forces, the amount of heat introduced, and the nature of the 

mixing of the plasticized material. The special design of the tool has been a matter of concern 

since the FSW method was considered a big step in metal joining techniques. A ratio of 

diameters of the shoulder and the pin is critical from the heating aspects, while a tool design 
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governs process loads, properties, and uniformity of microstructure. There are plenty of shapes 

of the shoulder and the pin. They can also be modified with features like threads, scrolls, or 

grooves. The process temperature is always lower than the melting point of the welded material, 

due to the forces acting during the process, special attention should be focused on the 

uncontrolled degradation of the tool. Therefore, it is necessary to select the tool material so that 

it is characterized by high wear resistance, high hardness and is suitable for operation at 

corresponding temperatures. These materials include but are not limited to tool steels [50,57], 

high-speed steel (HSS) [58,59], metal carbides [60–62], nitrides [63–65], and ceramics [66,67]. 

In addition to tool geometry, the most important process parameters are tool rotational speed 

(ω), tool traverse speed (called also welding speed) (v), and tool tilt angle (α). Stirring and 

mixing of the material around the pin is a result of the rotation of the tool. The linear movement 

of the tool moves the mixed material from the front to the back of the probe and it accomplishes 

the welding process. It is also possible to observe an increase in the temperature in all the zones 

characteristic for FSW joints caused by a tilt angle increase [68]. The reason for that is an 

increase in the friction heat caused by a wider contact area between the workpiece and the pin 

as well as increased plastic work of deformation energy. A large tilt angle additionally favors 

high hydrostatic pressure and high temperature which, in turn, translate into enhanced integrity 

of the nugget. However, severe tool wear may occur due to high hydrostatic pressure and high 

temperature in the welding zone. In the majority of cases tilt angle ranges from 0 to 3 ° [52,69–

71]. 

Due to the solid-state nature of the FSW process, a very specific microstructure occurs. In the 

most general terms, there are four zones to be distinguished: stir zone (SZ), thermo-

mechanically affected zone (TMAZ), heat-affected zone (HAZ), and base metal (BM). 

Formation of the stir zone also known as a nugget results from the recrystallization occurring in 

the thermo-mechanically affected zone. For aluminum alloys, it is characteristic that fine grain 

size material composes the nugget. Additionally, it is considered that it experiences plastic 

deformations resulting from the interaction with the pin of the welding tool. Occasionally, a 

nugget may mimic the pin intersection shape. A unique transition zone occurring between the 

base material and the nugget zone is one of the characteristic features of the FSW process. 

Thermo-mechanically affected zone (TMAZ) is exposed to deformation and temperature during 

the process. In this zone, elongated grains of parent material are to a large extent deformed in 

an upward direction following the pattern surrounding the nugget zone. The material in TMAZ 

is subjected to plastic deformation but because of insufficient deformation strain, there is no 

recrystallization. Exposure to high temperatures during the FSW process causes the dissolution 

of some precipitates in the TMAZ. Moreover, it has been demonstrated that grains contained 

within TMAZ can possibly feature a high-density of sub-boundaries [72]. The heat-affected 
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zone is located beyond TMAZ and is subjected to a thermal cycle. There are no plastic 

deformation of any kind in the HAZ. The grain structure of the HAZ is unchanged concerning 

the parent material, however, the exposure to temperatures significantly affects the structure of 

the precipitate. The HAZ is sufficiently heated during the process so it alters the properties of 

that material without any plastic deformation. The modification of properties in the HAZ 

includes changes in toughness, ductility, corrosion susceptibility, and strength. 

The solid-state welding characteristics of this method make the joints have high mechanical 

strength and electrochemical properties. Also, the risk of defects in the joints is lower. The next 

subsection of this dissertation will focus on the analysis of the properties of FSW joints, with 

particular emphasis on aluminum alloy welds. 

Due to the above advantages over fusion welding techniques, there is growing interest in this 

method. To date, hundreds of patents have been approved for this method, and the number of 

scientific publications is growing exponentially [73,74]. 

1.3. Parameters of friction stir welding of aluminum alloys and resulting properties of the 

joints 

The FSW method was originally intended to be used to join aluminum and its alloys. Although 

in recent years it has been successfully applied to join other materials as well, it is aluminum 

and its alloys that are most often joined using this method. Because of the difficulty of welding 

aluminum with conventional methods, FSW provides an effective solution for welding these 

materials, providing reliability, easy process parameter control, and reduced risk of defects 

contributing to reduced mechanical properties of the welds. The temperature is typically 

maintained below 500 °C during the FSW process of aluminum and its alloys [75]. Large 

deformations caused by mechanical mixing of the material during welding cause measurement 

of temperature to be difficult. It is suggested that it is near the solidus temperature [76]. 

The parameters of the FSW process significantly affect the properties of the resulting joints. 

However, the current state of knowledge does not allow to clearly define these relationships. 

Tool geometry is one of the most important parameters in the FSW process, as it directly affects 

the generation of heat generation and material flow. The material movement around the pin 

depends on the geometrical features of the tool. The special design of the tool has been 

a matter of concern since the FSW method was considered as a big step in metal joining 

techniques. The possible thickness of workpieces, the type of material to be welded, and 

possible welding positions are conditioned by the tool geometry [54]. Zhao et al. [77] proposed 

four different tool geometries to join AA2014 - cylindrical pin, tapered pin, cylindrical screw 

thread pin, and tapered screw thread pin. It was observed that the use of a taper screw thread pin 
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resulted in the formation of a joint of high quality. Elangovan et al. [78] applied five different 

tool pin geometries (triangular, square, straight cylindrical, threaded cylindrical, and tapered 

cylindrical) to weld AA2219. Only the application of a square pin profile tool resulted in the 

production of defect-free welds with high mechanical properties. Krasnowski et al. [79] 

proposed a triflute pin profile to joint AA6082 alloy by the FSW method. Ji et al. [80] found 

that a thread design of a pin is critical in terms of the plasticized material flow in AA2024 alloy. 

In the studies of Aldanondo et al. [81] it was observed that the application of the tool 

characterized by 3 flats and mixed thread resulted in enhanced properties of the AA2060 and 

AA2099 joints compared to the joints produced with a conventional threaded tool. 

Ramanjaneyulu et al. [82] found that the heating generation rate and the peak temperatures 

achieved are comparatively higher for non-circular pin sections, increasing with the number of 

flat profiles. Vairis et al. [83] observed the highest weld efficiency achieved with a cylindrical 

pin tool for AA7075 friction stir welded joints. The current state of knowledge does not allow 

the selection of a one reliable tool geometry to produce defect-free welds with advanced 

properties. Analyzed scientific reports are often contradictory, and it is impossible to draw clear 

conclusions. 

Apart from the geometry of the tool, the dimensions of the tool also have a significant impact 

on the FSW process. The analysis of tool dimensions mainly considers the length of the pin, its 

diameter, the diameter of the shoulder, and the ratio of the diameter of the shoulder to the 

diameter of the pin. The length of the pin affects the penetration level of the plasticized material 

in the nugget zone. The length of the pin must be sufficient to penetrate the weld. However, it 

should not be too long so that it does not rub against the backing plate. The heat input in the 

FSW process highly depends on the dimensions of the tool. In investigations of friction stir 

welding of aluminum alloys by Dehghani et al. [52], Khodir and Shibayanagi [84], Cavaliere et 

al. [85], Leitao et al. [86], and Peel et al. [87] it was concluded that the thermal input has a bigger 

impact on weld properties than the mechanical deformation by the tool. The ratio of shoulder 

diameter to the pin diameter, for aluminum and its alloys, should be in the range of 2.5:1 to 4.5:1 

[84–90]. 

Another crucial variable during the FSW of aluminum and its alloys is a tool tilt angle. A tilt 

angle of 0 to 3 is recommended for aluminum alloys [88–92]. Ensuring the proper angle of the 

tool helps the mixed material re-coalesce at the rear end of the tool. It is possible to observe an 

increase in the temperature in the nugget, heat-affected zone, and thermo-mechanically affected 

zone caused by a tilt angle increase [68]. The reason for that is an increase of the friction heat 

caused by a larger contact area between the workpiece and the pin as well as increased plastic 

work of deformation energy. A large tilt angle additionally favors high hydrostatic pressure and 

high temperature which, in turn, translate into enhanced integrity of the nugget [93]. However, 
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severe tool wear may occur due to high hydrostatic pressure and high temperature in the welding 

zone. The relation between the tilt angle and microstructure and mechanical properties of 

dissimilar aluminum alloy joints AA6061/AA5083 was investigated by Hamid et al. [90]. In 

their experiments, tilt angles within the range of 0 to 4 ° with 1 ° increments were used. 

Micrographic examination of the welded joints showed that a tilt angle equal to 3 ° produced a 

defect-free joint. Lower tilt angles produced joints with tunnel defects in the bottom section of 

the weld nugget which, in turn, caused the strength reduction. Vijayaraghavan et al. [94] 

produced welds of dissimilar aluminum alloys applying various tilt angles ranging from 1 to 3 °, 

with a plate of AA7075 alloy on the advancing side and AA6082 on the retreating side. The 

relation between the tilt angle and tensile strength was investigated. The experiments proved 

that a higher tilt angle applied during the process produces a weld with a lower tensile strength. 

Additionally, the increase in the tilt angle translated into a decrease in the impact strength of the 

welded joint.  

The Friction Stir Welding method is mostly characterized by two parameters: tool rotational 

rate (ω) and tool traverse speed (v) along the line of edges to be welded [95]. The rotation 

movement of a tool can be in a clockwise or counterclockwise direction. Choosing the proper 

tool traverse speed and tool rotational rate is a fundamental problem in the design of the FSW 

process. The traverse and rotational speed values of the tool depend primarily on the thickness 

of the components to be welded. In the study of Raweni et al. [55] Taguchi method was applied 

to propose the optimized set of the FSW parameters to weld AA5083 plates. The mathematical 

formulas enabled to predict the characteristics of the welds prepared under different conditions. 

The results show that the traverse speed has the highest effect on the fracture toughness and the 

crack propagation energy is the highest when the tool traverse speed is the highest. The optimum 

parameters for the total input energy and the energy for crack initiation were equal to 600 RPM 

for the rotational speed and 125 mm/min for the tool traverse speed. Balasubramanian [96] 

investigated the macrostructure of FSW joints using five different aluminum alloys – AA1050, 

AA6061, AA2024, AA7039, and AA7075. All the fabricated welds were analysed at low 

magnification by an optical microscope. Different values of the tool traverse speed at the 

constant tool rotational speed of 1200 RPM were used. Of the five tool traverse speed values 

used, the welds fabricated with the traverse speed of 135 mm/min for AA1050 alloy resulted in 

defect-free joints. The welding speed of 75 mm/min for AA2024, 100 mm/min for AA6061, 

45 mm/min for AA7039, and 22 mm/min for AA7075 alloys resulted in the formation of defect-

free joints. The same investigations were conducted for the varying tool rotational speed. The 

constant tool traverse speed of 75 mm/min was kept. Joints fabricated with a rotational speed 

equal to 900 RPM for AA1050, 1100 RPM for AA6061, 1200 RPM for AA2024, 1300 RPM 

for AA7039, and 1500 RPM for AA7075 alloys resulted in the formation of defect-free joints. 
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For other combinations of parameters defects like pin holes, tunnel defects, piping defects, 

kissing bonds, and cracks occurred. Feng et al. [97] investigated the microhardness of the FSW 

AA7075 alloy welds made using different tool traverse speed values. At a constant tool 

rotational speed of 800 RPM, as the tool traverse speed increased from 100 to 400 mm/min, the 

hardness values increased and the width of the lowest hardness zone decreased. The same 

investigations were made for the constant tool traverse speed and the increasing tool rotational 

speed from 800 to 1200 RPM. The width of the low hardness zone had almost no change and 

the hardness values did not change significantly either. However, the location of the low 

hardness zone changed and moved outward. The same relationship for FSW AA6061 alloy was 

proved by Feng et al. [98].  In the research conducted by Zhang et al. [99] AA2024 plates were 

successfully welded by the FSW method at the varying tool rotational rate from 400 to 

1200 RPM in steps of 400 RPM and at the tool traverse speed equal to 100, 200, and 

400 mm/min. The ultimate tensile strength increased from 408 to 451 MPa, respectively with 

an increase of the tool traverse speed, for the joints made with a tool rotational speed of 

800 RPM. The elongation at those parameters increased with an increase in the tool traverse 

speed.  

Considering the extensive literature review in [P1] and [P2] included in this dissertation, it can 

be concluded that the selection of appropriate traverse and rotational speed of the tool, tool 

geometry and tool tilt angle is still a current issue. The present state of knowledge does not allow 

to unambiguously determine the optimal parameters of the FSW process, and the analysed 

scientific publications are often in contradiction with each other. 
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2. MOTIVATION AND OBJECTIVES OF THE THESIS 

The research thesis of the doctoral dissertation claims that it is possible to shape the 

physicochemical and mechanical properties of similar and dissimilar joints of selected 

aluminum alloys by appropriate selection of the parameters of the FSW process, which includes 

both the geometry and inclination of the tool and its rotational and traverse speed. The 

correlation between the FSW process parameters and the properties of the joints of selected 

aluminum alloys is possible due to the change in the dislocation structure of the joint material 

depending on the selected process parameters. 

The scientific objective of the dissertation was to determine the influence of friction stir welding 

process parameters on the residual stresses, dislocation densities and mobility, and the resulting 

mechanical and electrochemical properties of joints from selected aluminum alloys. 

The functional objective of the dissertation was to produce joints of selected aluminum alloys 

without defects, which are characterized by high mechanical and electrochemical properties. 

The current state of knowledge does not allow a clear determination of the influence of the 

parameters of the friction stir welding process on the stress state of the resulting joints and the 

densities, types, and mobility of dislocations. These properties significantly affect the 

mechanical and electrochemical properties of the joints. The process is influenced by parameters 

such as tool geometry, tool traverse and rotational speed, and tool tilt angle. These parameters 

not only determine the mixing process of the plasticized material but also affect the amount of 

heat introduced and the distribution of forces. This translates directly into the resulting residual 

stresses in the material and also completely changes the material properties. The material 

subjected to the welding process is characterized not only by a different microstructure but also 

by changed dislocation densities. The types of dislocations and their mobility also change. This 

directly affects the resulting mechanical and electrochemical properties.  

The expected result of the work was to design a tool and propose parameters for the friction stir 

welding process in such a way that defect-free joints of selected aluminum alloys with high 

strength and corrosion resistance could be achieved. 

The scope of work conducted as part of this dissertation included: 

1. An extensive literature review on the determination of the state of the art from the field 

of friction stir welding method with particular emphasis on the application to joining 

aluminum alloys. 

2. Design of tools to produce sound similar and dissimilar joints from aluminum alloys. 
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3. Selecting the appropriate methodology for producing FSW welds - selection of traverse 

and rotational speed of the tool, tool tilt angle, and tool geometry in order to obtain 

similar and dissimilar joints from selected aluminum alloys that do not exhibit serious 

material discontinuities and defects. 

4. Studies of produced similar joints of AA6082 alloy, and dissimilar AA6060/AA6082 

and AA5083/AA6060 alloys joints- macro- and microstructural studies, analysis of 

precipitation, measurements of hardness and tensile strength, electrochemical tests, 

studies on residual stresses and dislocation density and mobility. 

5. Analysis of the effects of process parameters such as tool geometry, tool traverse speed, 

tool rotational speed, and tool tilt angle on the mechanical, electrochemical, and 

physicochemical properties of AA6082, AA6060, and AA5083 alloy joints. 

6. Analysis of the obtained research results and preparation of scientific publications. 

The result of the work conducted as part of the dissertation is a series of coherent collection of 

publications. It includes 2 review articles and 5 research articles. 5 articles have been published 

and 2 are in review. All of these articles have been published or are in review in JCR-listed 

journals. 
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3. METHODOLOGY OF THE CONDUCTED RESEARCH 

3.1. Selection of a tool geometry [P3]. 

Choosing the proper tool geometry is a key aspect of the successful manufacturing of sound 

joints. On the basis of an extensive review of the literature, with a particular focus on the effect 

of tool geometry on the properties of fabricated joints (section “2. Geometry of the tool” in [P1]), 

two different tool geometries were selected. The exact geometries of the proposed tools, with 

their full dimensioning, are presented in Figure 1. 

 

Figure 1. Schematic illustration of the geometries of the tools used for Friction Stir Welding. 

Both tools were designed in such a form that they possessed interchangeable pins. According to 

the FSW process, the tool should be made non-consumable by its nature. However, due to the 

high temperatures of the process and the forces applied, there is a risk of gradual degradation of 

the tool. In order to keep the pin's geometry constant, due to its interchangeability, the cost of 

using such a tool is much lower. The tools also have extendable pins, so the length can be defined 

in a controlled manner. The suggested length of the pins has been proposed for welding 3 mm 

thick metal sheets. The material of the pins was 73MoV52 tool steel, with a hardness of 58 HRC 

(Wilson Mechanical Instrument Co. Inc., USA). Both the body of the tool and its shoulders are 

made of X210Cr12 tool steel, with a hardness of 61 HRC (Wilson Mechanical Instrument Co. 

Inc., USA). Based on the literature review in [P2], the traverse speed of the tool was proposed 

to be equal to 250 mm/min, the tool rotational speed of 1000 RPM, and the tool tilt angle of 2 °.  
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The material used was AA6082 aluminum alloy, solution heat-treated and artificially aged to 

T651 condition. The rolled sheets of 3 mm in thickness were used to perform computer 

simulations and the friction stir welding process.  

Analysis of the influence of tool geometry involved computer simulations in COMSOL 

Multiphysics® 5.3 software with an applied computational fluid dynamics (CFD) approach. In 

order to simulate the heat generated in the tool/ workpiece interface, the steady-state solution 

was used. In this model, the tool was placed in the center of the part and the temperature 

distribution model was considered based on the steady-state heat transfer equation. Also, the 

heat generation process was divided into two general parts: heat produced by friction and heat 

produced by plastic deformation, and this issue was considered in the models.  

The welding process was conducted on a conventional milling machine (FU251, Friedrich 

Engels Kazanluk, Bulgaria). The employed process parameters were identical as in the case of 

conducted simulations – the tool traverse speed was 250 mm/min, the tool rotational speed was 

1000 RPM and the tool tilt angle was 2 °.  

The welded samples were investigated with respect to their macro- and microstructure. The 

specimens were cut in cross-sections. The samples were wet-ground to the final gradation of 

#4000 and polished with a 1µm diamond suspension. Firstly, the metallographic samples were 

etched in a 2(wt) % NaOH solution for 60 s. Then, the samples were immersed for 10 s in a 

solution of 4 g KMnO4, 1 g NaOH, and 100 mL of distilled water (Weck’s etchant). The 

microstructural observations were performed using an optical microscope (BX51, OLYMPUS, 

Japan), in accordance with the ASTM E3 standard - Standard Guide for Preparation of 

Metallographic Specimens. The average grain size was calculated with the use of the linear 

intercept method, according to ASTM E112-13 standard - Standard Test Methods for 

Determining Average Grain Size. 

The microhardness distribution measurements were performed on the cross-sections of the 

produced joints at a distance of 1.5 mm from the weld face (central line of cross-sections). The 

length of the measurement line was 32 mm and measurements were made every 0.25 mm. This 

allowed observation of all zones of the joint – a weld nugget, a thermo-mechanically affected 

zone, the heat-affected zone, and a base metal. A Vickers microhardness tester (Future-Tech 

FM-800, Japan) with a load of 1 N was used. 

The tensile properties of the produced welds were performed with a universal testing machine 

(Zwick/Roell 100, Germany). Three samples were tested in order to calculate their standard 

deviation. The fracture surfaces of the samples after the tensile tests were investigated by a high-

resolution scanning electron microscope (SEM) (Phenom XL, Thermo Fisher Scientific, 

Netherlands) with a backscattered electron detector (BSE). 
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3.2. Manufacturing and process parameter analysis for similar AA6082 aluminum alloy 

joints [P4, P5]. 

After selecting a proper tool geometry, which was a tool with a hexagonal pin with grooves, the 

next research focused on the selection of other process parameters – tool traverse speed, tool 

rotational speed, and the tool tilt angle. Based on the literature review in [P2] two different tool 

traverse speeds (200 and 250 mm/min), two different tool rotational speeds (1000 and 

1250 RPM), and two different tool tilt angles (0 and 2 °) were selected. The welding process 

was conducted on a conventional milling machine (FU251, Friedrich Engels Kazanluk, 

Bulgaria). The process was performed on AA6082-T6 aluminum alloy sheets with a thickness 

of 3 mm. 

The produced samples were cut and wet ground to the final gradation #4000 and polished with 

a diamond suspension. To observe macrostructure the Keller’s etchant was used, consisting of 

95 mL H20, 2.5 mL HNO3, 1.5 mL HCl and 1 mL HF. For the microscopic observations, the 

procedure introduced in the previous section was also employed with the use of an optical 

microscope (BX51, OLYMPUS, Japan). Moreover, the electron backscattered diffraction 

method (EBSD) was applied using scanning electron microscopy (Hitachi SU-70, Japan). The 

samples were prepared with the use of argon ion polishing at 5 kV (Hitachi IM4000, Japan). 

EBSD maps were collected in the nugget zone, thermo-mechanically affected zone, heat-

affected zone, and the base metal with an acceleration voltage equal to 20 kV with a step size 

of 0.2 µm. The analysis of the data was performed with HKL Channel 5 software (Oxford 

Instruments, United Kingdom). 

The nugget zones of the welds produced were also analyzed for phase composition by X-ray 

diffraction method (XRD) (Philips X’Pert Pro, Netherlands). The diffractometer with Cu Kα 

radiation was applied with a wavelength of 0.15418 nm. It operated with 30 kV and 50 mA. The 

patterns were observed with a Bragg-Brentano geometry over 2θ range 20-90 ° with a step of 

0.02 °. The Rietveld refinement method was used for the quantitative analysis of phases using 

MAUD software.  

To calculate crystallite sizes and microstrains in the nugget zones and the base metal the 

Williamson-Hall analysis was proposed. The procedure is described in detail in [P5]. To 

calculate residual stresses based on the value of microstrains, the indention method was applied 

(Nanotest Vantage, Micro Materials, United Kingdom). The maximum force during indentation 

tests was equal to 5 N, the loading and unloading time during each experiment was 20 s, and the 

dwell period of 5 s was defined. The specimens were subjected to 10 measurements to calculate 

standard deviations. The values of reduced Young’s modulus were obtained The calculated 

values of the Young’s modulus were analyzed in terms of residual stresses. To calculate the 
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dislocation densities the modified Williamson-Hall procedure was applied. The method is 

described in detail in [P5]. Also, to calculate the dislocation mobility, the dwell period during 

the indentation tests was studied. 

The microhardness tests were performed with the force of 2 N with a Vickers indenter (Future-

Tech FM-800, Japan) in three lines on the cross-section of the joints – top (0.5 mm from the 

weld face), middle (1.5 mm from the weld face) and bottom (2.5 mm from the weld face). This 

approach allowed to observe the shape of the exact zones on the cross-sections. 

The welds produced were also studied for their electrochemical resistance. The tests were 

performed according to the standard ASTM G5-94. The tests were conducted in an environment 

simulating seawater. The proposed concentration of sodium chloride was equal to 3.5 %, which 

is the average salinity of seawater in the world. The temperature of the process was kept constant 

(20 °C), using potentiostat/galvanostat (Atlas 0531, Atlas Solich, Poland). A three-electrode 

system was used (a counted electrode – platinum, a reference – a calomel electrode, a working 

electrode – a weld nugget). The open circuit potential (OCP) was measured in 60 min and the 

corrosion curves were obtained within the range of potential from – 2 to + 1 V. The Tafel 

extrapolation method was applied to determine the corrosive potential (Ecorr) and corrosion 

current density (icorr) (Atlas 0532 Electrochemical unit). Scanning electron microscopy (SEM) 

with a backscattered electron detector was applied to observe the surfaces of the samples after 

electrochemical tests (Phenom XL, Thermo Fisher Scientific, Netherlands). 

The whole analysis was performed also with respect to the revolutionary pitch values, defined 

as the tool rotational speed divided by the tool traverse speed. The revolutionary pitch indicated 

the heat input during the process. 

3.3. Manufacturing and process parameter analysis for dissimilar AA6082/AA6060 

aluminum alloy joints [P6]. 

The results obtained on the similar AA6082 joints were decided to be confronted with the results 

of the studies on dissimilar aluminum alloy joints. The dissimilar aluminum alloy joints were 

produced with AA6082 alloy on the advancing side of the joint and AA6060 alloy on the 

retreating side. Both alloys were solution heat-treated to T6 condition. The thickness of the 

sheets was equal to 3 mm. The process was performed on the same milling machine (FU251, 

Friedrich Engels Kazanluk, Bulgaria). The tool with a hexagonal pin with grooves was used. 

Based on the previous results, it was decided to keep the tool inclined, with the tool tilt angle 

equal to 2 °. The tool rotational speed was kept constant at 1250 RPM. Two different tool 

traverse speeds were chosen: 160 mm/min and 200 mm/min.  
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The microstructure observations methodology was identical to the procedure presented for 

AA6082 aluminum alloy joints. 

Also, the XRD testing was performed with the same procedure as described before. Based on 

the Williamson-Hall analysis, the crystallite size and microstrains were calculated for the welds 

nuggets and base metal. Nanoindentation tests were performed with a pyramidal Berkovich 

indenter, and 25 measurements were performed for each specimen to calculate deviations. The 

maximum force was equal to 10 N, the loading time was equal to 20 s, and the unloading time 

was 15 s. The dwell time with the maximum force was equal to 5 s. The distance between indents 

was equal to 200 µm. From the obtained reduced Young’s modulus value, the Young’s modulus 

was calculated, based on the Olivier -Pharr procedure. Considering microstrains and Young’s 

modulus values, the residual stresses were calculated.  

Based on the data obtained during indentation tests, the geometrically necessary dislocation 

density, statistically stored dislocation density, and the mobility of dislocation were calculated 

for all the tested specimens. 

To discuss the electrochemical performance of the produced welds, the potentiodynamic and 

electrochemical impedance spectroscopy (EIS) tests were performed. The research was aimed 

at determining corrosion resistance in seawater. Due to the varying salinity concentrations of 

seawater around the world, especially in the Baltic Sea, tests were performed at three different 

NaCl concentrations: 0.2, 0.7, and 1.2 %. Electrochemical measurements were completed with 

the use of a potentiostat/galvanostat (Atlas 0531, Atlas Solich, Poland). The same three-

electrode system was proposed. The OCP data were collected within 60 min. The EIS studies 

were performed at the frequency from 1 Hz to 100 kHz. The signal amplitude was equal to 10 

mV, and 10 points per decade were collected. The EIS spectra were collected at the OCP 

potential value. To fit the obtained EIS data, the ZView software (Scribner Associates Inc., 

USA) was applied. The χ2 representing goodness of fit was kept on a level lower than 10-3. 

Potentiodynamic studies were performed within the range of potential from -2 to +1 V. The scan 

rate was 1 mV/s. AtlasLab software (Atlas Sollich, Poland) was used to perform Tafel 

extrapolation. Before and after the electrochemical tests the weight of the samples was measured 

(Pioneer PA114CM/1, OHAUS, Switzerland) with an accuracy of 0.1 mg. 

Before and after the corrosion studies the surface of all the samples was observed by a high-

resolution SEM (Jeol, JSM-7800 F, Jeol, Japan) with a BED detector at 5 kV voltage. 

The degradation tests were also performed on the welded samples and both base metals. All the 

samples were immersed in individual containers containing 200 mL of a solution of H20 with 

NaCl with a concentration of 3.5 %. After 168 h of keeping the samples immersed at room 

temperature, the weight loss of the samples was checked (Pioneer PA114CM/1, OHAUS, 
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Switzerland). The accuracy of the collected data was equal to 0.1 mg. The corrosion rate (CR) 

was collected using the formula: 

𝐶𝑅 [
𝑚𝑚

𝑦𝑒𝑎𝑟
] =  

∆𝑚 [𝑔]

𝑑 [
𝑔

𝑐𝑚3]∙𝑆[𝑐𝑚2]∙𝑡[ℎ]
∙ 87600  

where ∆m is a weight loss (in g), d is the density of the alloy (for both alloys it’s equal to 

2.710 g/cm3), S is the surface area of the sample (in cm2) and t is the time of immersion (in h). 

The tests were performed 3 times for each type of specimen to calculate the deviation. 

3.4. Manufacturing and process parameter analysis for dissimilar AA5083/AA6060 

aluminum alloy joints [P7]. 

The study included the characterization of dissimilar FSWed butt joints, with AA5083-O alloy 

on the advancing side and AA6060-T on the retreating side. The thickness of both sheets was 

equal to 3 mm. The process was performed on the same milling machine (FU251, Friedrich 

Engels Kazanluk, Bulgaria). The tool with a hexagonal pin with grooves was used. In this study, 

the tool tilt angle was kept constant at the value of 2 °. The tool traverse speed was also constant 

and equal to 100 mm/min. The welding process was carried out at different tool rotational speed 

values – 800, 1000, and 1200 RPM.  

The microstructure observations methodology was identical to the procedure presented for 

similar AA6082 aluminum alloy joints and dissimilar AA6082/AA6060 aluminum alloy joints. 

Indentation tests were employed to perform hardness measurements on the cross-sections of the 

produced welds. The tests were performed in the middle line of the cross-section (1.5 mm from 

the weld face). The indents were spaced at 0.5 mm. 60 independent measurements were 

performed for each sample in the line of the length of 30 mm. This methodology allowed to 

examine all the zones of the joints – weld nugget, thermo-mechanically affected zone, heat-

affected zone, and the base metal. A diamond Berkovich indenter was used, and the applied 

force was equal to 1 N. The loading and unloading time was 20 s, the dwell time was 5 s. Based 

on the obtained data not only hardness values were discussed. Also, the density of geometrically 

necessary dislocations and statistically stored dislocations, and the dislocation mobility were 

calculated based on the procedure described in detail in [P7]. 

The potentiodynamic studies were performed with the use of potentiostat/galvanostat (Atlas 

0531, Atlas Solich, Poland). The selected NaCl concentration was equal to 3.5 %, the average 

concentration of seawater worldwide. Disc samples cut from the nugget zone of the produced 

joints and the base metals with an area of 1 cm2 were tested. The temperature of the solution 

during the entire process was kept constant at 20 °C. A three-electrode system defined before 

was used. The OCP measurement was performed with a procedure explained before. The 
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corrosion curves were also obtained with the procedure the same as for the previous samples, as 

well as the Tafel extrapolation. The samples after the corrosion investigations were observed 

with the use of a high-resolution SEM with BSE (Phenom XL, Thermo Fisher Scientific, 

Netherlands). 

The whole analysis was performed also with respect to the revolutionary pitch values, defined 

as the tool rotational speed divided by the tool traverse speed. The revolutionary pitch indicated 

the heat input during the process. 

 

 

 

Figure 2 presents the diagram of the methodology of the conducted research within the 

framework of the doctoral dissertation, with respect to the order of the executed activities. 

Detailed procedures of the conducted tests are presented in the original research papers (P3-P8) 

that are the subject of this dissertation. 
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Figure 2. Diagram of the conducted research within the framework of the doctoral dissertation 
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4. RESULTS AND DISCUSSION 

4.1.Macro- and microstructure observations  

4.1.1. Visual inspection 

For all the fabricated welds, the analysis began with visual inspections of the joints. In every 

case, there were no significant defects found. The studies conducted in this dissertation allowed 

the production of welds without serious weld discontinuities for both similar AA6082 and 

dissimilar AA6060/AA6082 and AA5083/AA6060 joints. 

In the case of AA6082 joints, no material outflow was found [P3, P4, P5]. The weld faces 

exhibited no serious imperfections like lack of bonding or grooves. Only in the case of the 

AA6082 weld produced with a tapered cylindrical pin, some cavitation losses could be observed 

[P3]. For all the AA6082 joints produced with a tool with a hexagonal pin with grooves non-

defected weld seam was found. The performed computer simulations revealed that by applying 

the hexagonal pin with grooves, the amount of heat generated during the process is around 20 % 

higher when compared to the process with the use of a tapered cylindrical pin. It is claimed that 

the key factors determining the quality of the weld are adequate heat input and proper stirring 

of the plasticized material. Therefore, for the weld produced with the hexagonal pin, higher heat 

input and better plasticization and mixing of the material resulted in the formation of a non-

defective weld seam.  

In the case of AA5083/AA6060 welds produced with a hexagonal pin with grooves, little 

material outflow was found in the case of the samples produced with tool rotational speeds of 

800 and 1000 RPM, but by applying the tool rotational speed of 1200 RPM no irregularities on 

the weld seam were noted on the surface [P7]. With an increase in the tool rotational speed, 

there is a higher heat input to the material. Thus, sufficient plasticizing and mixing resulted in 

the formation of a non-defective weld. 

4.1.2. Macrostructure 

Based on the studies on similar AA6082 joints in [P3], it can be concluded that the geometry of 

the tool strongly influences the macrostructure of the weld. In the case of the weld produced 

with a tapered cylindrical pin, the width of the stir zone was larger. The width of the stir zone 

measured in the center line of the cross-section was equal to 8.25 mm for the tapered cylindrical 

pin, and 6.80 mm for the case of the hexagonal pin with grooves. Despite the temperature being 

about 5 % higher when using a complex pin compared to a straight pin and the greater total heat 

input, the mixing process differed between the two cases. The simulation results showed that 

mixing the plasticized material through the complex pin lead to the trapping of the material in 

some areas and the flow around the pin was reduced. With a simple pin, due to the slope, the 
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material found a simpler flow around the pin, so it had a higher velocity. It resulted in a wider 

stir zone area. Also, in [P5], the width size of the stir zones was measured in the mid-thickness 

of the cross-sections of AA6082 joints. The results were discussed in terms of other process 

parameters – tool traverse and rotational speed, as well as tool tilt angle. When the tool tilt angle 

was 0 °, the width of the stir zone was lower, compared to the welds were the tool tilt angle of 

2 ° was applied. Also, by decreasing the tool traverse speed from 250 mm/min to 200 mm/min, 

a larger stir zone was found. This is due to the greater heat input when the tool traverse speed is 

reduced and when the tool is tilted. For the AA6082 weld produced with a non-tilted tool, the 

lowest rotational speed (1000 RPM) and the highest tool traverse speed (250 mm/min), the width 

of the stir zone was the lowest and was equal to 6.43 mm. 

Macrostructure studies on dissimilar AA6060/AA6082 aluminum alloy joints revealed that the 

curvature of the top surface of the welds could be observed due to the tool shoulder plunge into 

the aluminum components for both applied tool traverse speed values – 160 mm/min and 

200 mm/min. Also, a little material outflow was noted on both the advancing and the retreating 

side [P6]. 

In the macroscopic observations of AA5083/AA6060 joints a characteristic basin shape of the 

weld nugget was also distinguished [P7]. 

4.1.3. Microstructure 

Based on the microstructural observations, in all the cases the asymmetries of the weld cross-

sections were observed, indicating the advancing (AS) and retreating (RS) sides of the welds. 

In all the cases, the characteristic shape of the nugget zone could be observed, as a result of the 

move of the pin between sheets. It is a typical basin shape of this zone. Four characteristic zones 

for the friction stir welding process were recognized in all the cases [P3, P4, P5, P6, P7]. 

Typically for a FSW joint, the weld nugget zone consists of a fine-grained structure formed by 

the recrystallization process in the stir zone (SZ). Also, the thermo-mechanically affected zone 

(TMAZ) and the heat-affected zone (HAZ) could be distinguished.  

For AA6082, in [P3] the average grain size in the SZ of the weld produced with the simple pin 

was equal to about 14 ± 1 μm, and for the weld produced with the hexagonal pin 10 ± 1 μm. 

When using a hexagonal pin with grooves, due to the higher heat input, the recrystallization 

process occurred more efficiently, resulting in a finer-grained microstructure. In [P4] the 

average grain size in the stir zone of AA6082 welds was also discussed in terms of other process 

parameters – tool traverse speed, tool rotational speed, and the tool tilt angle. It was revealed 

that when the tilted tool was used during the process, the average grain size was lower compared 

to the welds produced with the same tool traverse and rotational speed, but 0 ° tool tilt angle. 

This is due to higher heat input when an inclined tool is used. For the same reason, when 
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increasing the tool rotational speed, and decreasing the tool traverse speed, a small grain size 

was observed. The lowest grain size in the stir zone equal to 9.8 ± 1.5 µm was observed for the 

sample produced with 1250 RPM for rotational speed, 200 mm/min for traverse speed, and 2 ° 

for the tool tilt angle. On the contrary, the largest grains with an average size of 17.3 ± 1.5 µm 

were observed when the highest traverse speed (250 mm/min), the lowest rotational speed 

(1000 RPM), and the non-inclined tool were applied. Also, in [P4] the relationship between the 

average grain size in the nugget zone of all the tested samples and the revolutionary pitch, 

defined as the tool rotational speed divided by the tool traverse speed was presented. Also, 

EBSD studies confirmed the existence of four characteristic for the FSW process zones, based 

on the example of AA6082 aluminum alloy joints in [P5]. 

Microstructure observations on AA6060/AA6082 joints revealed the existence of the SZ, 

TMAZ, and HAZ. Two welds produced with different tool traverse speeds - 160 mm/ min and 

200 mm/min displayed no significant differences in the grain size of the nugget zone. 

In experiments on AA5083/AA6060 joints, it was noted that the stir zone experienced the 

highest heat input and high plastic deformation during stirring through the mandrel. This caused 

recrystallization in the zone and led to the finest microstructure. The TMAZ on both sides of 

the welds also experienced high temperature peaks and plastic deformation due to stirring by 

the tool. The recrystallization process was not observed in TMAZ due to insufficient heat input. 

HAZ on both sides was formed only due to thermal evolution. No recrystallization process 

occurred in the heat-affected zones. Approaching both parent metals, the material was already 

characterized by the original microstructures of both alloys.  

4.2. Analysis of precipitates in aluminum joints 

 On the basis of the XRD tests performed, the analysis of precipitates in welds and parent metals 

was conducted. The quantitative phase analysis was performed using Rietveld refinement of the 

obtained XRD patterns. For AA6082 similar aluminum alloy joints it was concluded that after 

the FSW process, the precipitate content in the weld nugget is reduced for all the produced joints 

regardless of process parameters. In [P5] the dependence of the total percentage of precipitates 

on the value of the rotational/linear speed ratio was determined. Such analysis was performed 

for joints produced with a non-inclined tool and with an inclination of 2 °. It was observed that 

the use of a tilted tool resulted in more significant dissolution of the precipitate, while the use 

of a non-tilted tool resulted in a reduction in dissolution precipitation. It was connected to a 

higher heat input while the tilted tool was applied during the process of FSW. The minimum 

reduction of precipitation fraction was observed for the tool tilt angle of 0 °, the tool rotational 

speed of 1000 RPM, and the tool traverse speed of 250 mm/min. The reduction was equal to 

48 % compared to the base material. The maximum reduction of the precipitation fraction 
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(almost 64 % of reduction compared to the base AA6082 metal), was noted for the tool traverse 

speed of 1250 RPM, the tool rotational speed of 200 mm/min, and the tool tilt angle of 2 °. 

When increasing the tool rotational speed the heat input is also increased and the precipitation 

dissolution is higher, leading to the reduction of their fraction. The same when decreasing the 

tool traverse speed. Also, by applying the inclined tool, the heat input during the process is 

increased, compared to the use of the non-inclined tool. Stress on the leading edge of the tool is 

increased when the tool is inclined, and this is the reason for improved frictional heating. 

In the case of dissimilar welds AA6060/AA6082, the main diffraction peaks in the XRD pattern 

were indexed as originating from pure aluminum. Also, peaks corresponding to the phases of 

the main alloying elements – magnesium, silicon, and manganese were found. 

In the FSW process, heat is generated due to friction, leading to an increase in material 

temperature. Aluminum alloys in the 6000 series containing magnesium and silicon as the main 

alloying additives belong to the group of precipitation-hardened alloys. Due to the precipitates, 

the material is strengthened and the movement of dislocations is inhibited in the crystal 

structure. Dissolution of precipitates in the metal leads to a decrease in hardness and strength. 

Advanced mixing of the material during the process and recrystallization of the grains are the 

basis for ensuring high joint strength. At the same time, the dissolution of precipitates by 

increasing the temperature in the process reduces the strength of precipitation-hardened alloys. 

4.3. Hardness studies 

For similar AA6082 aluminum alloy joints, the hardness profiles on the cross-sections were 

presented for the welds produced with two proposed tools [P3]. As described in the section 

4.1.3, a smaller grain size was noted in the SZ in the weld produced with a hexagonal pin with 

grooves and it strongly influenced the hardness of this sample. Higher heat input when applying 

more complex tool geometry during the FSW process resulted in greater grain refinement due 

to more efficient recrystallization, which enhanced the strength of the SZ. In the stir zone, the 

value of 89.9 ± 3.1 HV was found for the weld produced with a hexagonal pin. The measured 

microhardness of the base metal AA6082 was established as 96 ± 3.9 HV. In the case of a 

cylindrical pin, the value of 86.2 ± 2.7 was observed in the SZ. Microscopic observations 

allowed to observe lower grain size in the nugget zone of the weld produced with the hexagonal 

pin. The reduction of the grain size led to an increase in the hardness, according to the Hall-

Petch relationship. The lowest values of approximately 62 and 67 HV were observed in the HAZ 

on the advancing side of the welds produced with the cylindrical and hexagonal pins, 

respectively. A more significant decrease in hardness in the HAZ on the advancing side is 

consistent with the results of the simulations performed. There, a greater heat input was observed 

on the advancing side for the process involving both tools. As the temperature in the HAZ 
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increased, the process of dissolution of precipitates was intensified, leading to the decrease in 

strength in this zone. This is the reason for the significant decrease in hardness in this area. In 

the case of the weld produced with a cylindrical tool, the microhardness on the cross-sections 

revealed that the nugget zone was larger, which was also proved by macroscopic imaging 

explained in the section 4.1. In [P4], the influence of other process parameters like tool traverse 

and rotational speed, and tool tilt angle were discussed for the joints produced with a hexagonal 

pin with grooves on AA6082 alloy. In the case of the samples produced with the tool tilt angle 

of 0 °, lower hardness values were found compared to the welds produced with an inclined tool. 

Also when the rotational speed increased and the traverse speed decreased, the measured 

hardness values in the nugget zone were higher. The main reason for this is the lower grain size 

in the stir zones, influenced directly by the total heat input during the process. The hardness 

measurements were performed in three lines on the cross-sections – top, middle, and bottom. 

For all the tested welds the lowest hardness was noted at the bottom of the cross-sections, while 

the highest was observed at the top of the samples. The top of the weld experienced the most 

serious heating due to the contact with the shoulder of the tool and the frictional heating. It 

resulted in the finest microstructure and the highest microhardness. Comparing all the welds, 

the maximum hardness, reaching approximately 92 % of the base material, was observed for the 

sample produced with the tool tilt angle of 2 °, the tool rotational speed of 1250 RPM, and the 

tool traverse speed of 200 mm/min. In [P5] the indentation measurements on similar AA6082 

revealed that the lowest hardness exhibited the weld produced with the tool tilt angle of 0 °, the 

lowest tool rotational speed of 1000 RPM an the highest tool traverse speed of 250 mm/min. 

Based on the performed hardness measurements in [P4], the width of the stir zone was also 

measured. The highest width size was observed at the top of all the samples and the lowest at 

the bottom, which reflected the characteristic basin shape of the stir zone.  

In the case of AA5083/AA6060 [P7], the indentation studies were performed in the middle line 

of the cross-sections of the joints. The hardness of base metal AA5083 was equal to 0.754 GPa 

and of AA6060 1.103 GPa. The hardness analysis for AA5083/AA6060 joints revealed that the 

profiles were clearly asymmetrical. The reason for that is the application of aluminum alloys 

from two different series. The alloys in the 5000 series are non-heat-treatable alloys and their 

increase in strength can be achieved through cold working or hardening process. The AA5083 

alloy sheets were delivered in the condition “O”, which means they were annealed. The alloys 

in the 6000 series are heat-treatable alloys. By adding alloying elements the strength is initially 

formed. These elements exhibit increasing solid solubility in increased temperatures. When 

subjected to solid solution treatment, additional strengthening is provided. The AA6060 sheets 

were delivered in T6 condition, which means they were solution heat treated and artificially 

aged. Because of the different series of used alloys, and they different conditions, unsymmetrical 
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hardness profiles were found. From the side of AA6060 alloy, the typical shape profile for FSW 

joints was found, with a minimum hardness in the heat-affected zone. In the stir zone, a great 

recovery was observed. On the advancing side of the joints, where AA5083 alloy was placed, a 

typical decrease in hardness in HAZ was not found. FSW joints produced from annealed alloys, 

do not exhibit the drop in hardness in HAZ. In the direction of the weld nugget, higher hardness 

was observed due to the modest hot-working hardening and eventually grain refinement in the 

nugget zone. The measured hardness values were discussed in terms of the influence of the tool 

rotational speed. It was revealed that in the stir zone, the increase in hardness was observed with 

the increase in the tool rotational speed. These observations are consistent with research on 

AA6082 and AA6060/AA6082, where the grain size and final hardness of the stir zone 

depended on the heat input during the FSW process. When the tool rotational speed increased, 

a higher heat input could be observed. 

4.4. Tensile strength of joints 

The tensile strength of the joints of AA6082 was measured, with respect to the geometry of the 

tool applied [P3]. The highest value of UTS was found for AA6082 base material equal to 

371 ± 21 MPa. In the case of the welds, the values of 269 ± 18 MPa and 207 ± 32 MPa were 

noted for the joints produced with the tool with the hexagonal pin with grooves and the tapered 

cylindrical pin, respectively. It corresponds to the joint efficiency of 72.5 ± 4.9 % and 

55.8 ± 8.6 %, respectively. In both cases, the location of the failure was detected in the HAZ on 

the advancing side of the welds. Also, the lowest hardness was found in the HAZ on AS of the 

welds for both cases, as was described in section 4.3. In the HAZ, due to sufficient heat input, 

the precipitations dissolute and overaging occurs, where enlargement and roughening of pre-

existing particles can be observed, and no recrystallization process occurs, which is especially 

crucial for the precipitation hardened alloys like AA6082. It was for this reason that the lowest 

hardness was observed in this zone, and it was the area of fracture in the static tensile test. The 

SEM observations on the fracture surfaces of the welded samples produced with both tools 

revealed that the material cracked simultaneously in multiple parallel planes, and the individual 

cracks were connected by perpendicular interplanar cracks. Also, the cracking proceeded in a 

ductile nature. In the case of the base material, the dominant mechanism was ductile cracking 

with several brittle precipitations present, around which local voids were formed. The fracture 

surface of the base material consisted of long and flat areas corresponded to the elongated grains 

revealed by microstructural observations, due to the rolling process of the base metal. 

4.5. Electrochemical properties of the joints 

Potentiodynamic studies were performed on AA6082 to determine the influence of the tool 

rotational speed, tool traverse speed, and tool tilt angle on the electrochemical properties of 
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similar joints of AA6082 [P4]. The highest density corrosion current (the lowest corrosion 

resistance) was observed for AA6082 base metal (42.564 µA·cm-2). It was revealed that all the 

welded samples exhibited higher corrosion resistance. In the study, it was found that samples 

produced with a non-tilted tool showed less corrosion resistance compared to samples produced 

with a tilt angle of 2 °. It was also observed that with an increase in the tool rotational speed and 

a decrease in the tool traverse speed, the corrosion current density decreased (the corrosion 

resistance increased). Changes in the electrochemical properties of FSW welds are due not only 

to a change in the microstructure but also to a different state of precipitation and residual stresses 

values. The lowest corrosion current density (16.029 µA·cm-2) was found for the weld produced 

with the inclined tool when the tool rotational speed was equal to 1250 RPM and the tool 

traverse speed was equal to 200 mm/min. Among the produced welds, the highest corrosion 

current density (23.907 µA·cm-2) and the lowest corrosion resistance were observed for the 

sample produced with the non-inclined tool, when the tool traverse speed was equal to 250 

mm/min and the tool rotational speed was equal to 1000 RPM. Scanning electron microscopy 

studies also confirmed these observations. 

In the case of dissimilar AA6060/AA6082 joints, potentiodynamic and electrochemical 

impedance spectroscopy testing was performed to discuss the corrosion resistance [P6]. Three 

different NaCl concentrations were used. The corrosion current density of the welded samples 

was similar and lower in comparison to both parent materials. The corrosion current density of 

the sample produced with the tool traverse speed of 160 mm/min was equal to 8.162 µA·cm-2 

and for 200 mm/min 8.006 µA·cm-2 for the NaCl concentration of 0.2 %. For the concentrations 

of 0.7 % and 1.2 % slightly lower values of corrosion current density were also observed for the 

weld made at a higher linear speed. In all cases, both parent metals showed higher values of 

corrosion current density, with lower resistance demonstrated by alloy AA6082. The 

electrochemical impedance spectroscopy tests allowed to characterize to electrochemical 

properties of the oxide layer on an aluminum alloy sample, as well as on a metallic sample itself. 

It was noted that the resistances of the native aluminum oxide layer were markedly higher in the 

case of welded samples, compared to both base alloys AA6082 and AA6060. This may have 

been due to the passive layer at the interfaces being more homogeneous, thus providing a greater 

barrier to Al ions passing into the NaCl solution. This is connected to the fine-grain 

microstructure of the stir zone of the welds. Finer grain microstructure has a more reactive 

surface. The formation of the oxide layer progresses faster. SEM observations of the samples 

revealed that the area covered by the corrosion process was larger for AA6082 and AA6060 

alloys than for friction stir welded samples. It was noted that corrosion in friction stir welds 

mostly appeared on the edges of the curves resulting from a mix of rotational and traverse 

movements of the tool. This was caused by the triaxial state of stress at these locations in the 
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passive layer. This reduced the resistance of the passive layer to delamination during stress 

corrosion processes. 

In [P7] electrochemical properties of dissimilar AA5083/AA6060 joints were discussed with 

respect to the tool traverse speed influence. It was revealed the AA5083 parent material 

exhibited the highest corrosion resistance (icorr = 4.506 ± 0.278 µA·cm-2). The parent metal 

AA6060, on the contrary, exhibited the lowest corrosion resistance   (icorr = 9.047 ± 0.768 

µA·cm-2). It should be particularly emphasized that in general, the aluminum alloys of series 

5000 are characterized by better corrosion resistance than the alloys in series 6000, due to the 

alloying elements. The corrosion current densities were equal to 8.075 ± 0.182, 7.592 ± 0.442, 

and 6.935 ± 0.199 µA·cm-2 for the welds produced with the tool rotational speed of 800 RMP, 

1000 RPM, and 1200 RPM, respectively. These observations were proven by scanning electron 

microscopy observations. By providing higher rotational speed, higher heat input was also 

provided, and better corrosion properties of the weld were noted. These observations are 

consistent with the observations on AA6082 similar welds, discussed in [P4].  

4.6. Residual stresses analysis 

For AA6082 similar friction stir welded joints, the simulations of thermal residual stresses were 

performed to determine the influence of the tool geometry on the process performance [P3]. 

Since the residual thermal stresses were the result of thermal expansion and contraction of the 

material, by comparing the thermal distribution simulations and the residual stress simulation 

results, it could be seen that due to the presence of a region with a maximum temperature in the 

middle line of welding, the stress in this region was higher and it was of tensile nature. In the 

far areas and around the edge of the workpiece, the stress was compressive. The residual stress 

in the case of the cylindrical pin was at least 13 % lower than in the hexagonal pin case. The 

reason for this was higher average temperature due to higher shear stress around the hexagonal 

pin, than for the use of the simple pin. This caused a higher maximum temperature in the center 

line of the and therefore the thermal residual stress increased. 

In [P5], the residual stresses in AA6082 were analyzed with respect to the process parameters 

such as tool traverse speed, tool rotational speed, and tool tilt angle. A hexagonal pin with 

grooves was used in the tool. The procedure to calculate residual strains was Williamson-Hall 

analysis, which is described in detail in [P5]. To calculate the residual stresses based on the 

microstrain values Young’s modulus values are needed. Indentation tests were performed to 

calculate Young’s modulus values for the welds and the base metal. The results of performed 

calculations are consistent with the simulation results. In the stir zone, the character of residual 

stresses is tensile.  
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The same procedure to calculate residual stresses was applied for the dissimilar 

AA6060/AA6982 welds in [P6]. It was noted that the residual stresses of the tensile nature were 

observed for both parent materials. For both of the welds, the residual compressive stresses were 

noted. The compressive character of residual stresses could be the result of a strong compression 

reaction by the tool shoulder. Also, based on macrostructure observations, the curvature of the 

top surface of the welds was observed due to the tool shoulder plunge into the aluminum 

components. It should be noted that in the case of studies on dissimilar welding, different 

process parameters were applied compared to the AA6082 similar welding. The tilt angle was 

equal to 0 °, the tool rotational speed was equal to 1250 RPM and the traverse speed values were 

equal to 160 mm/min and 200 mm/min. During the FSW process, large strains of the metal 

matrix could be observed. The material in the stir zone was both tensiled and compressed by 

friction and, at the same time, is exposed to the thermal stresses because of the heat input. By 

applying different process parameters, the stirring processes are different and also, the heat input 

is not constant. In the above studies, it was noted that the process parameters significantly affect 

the generation of stresses in the material. 

4.7 Dislocation density and mobility calculations 

In [P5] the analysis of process parameters (such as tool rotational and traverse speed, and tool 

tilt angle) was discussed with respect to dislocation density and mobility in AA6082 friction stir 

welded joints. The modified Williamson-Hall analysis was applied with this approach. The most 

significant finding with regard to the dislocation analysis is that a change in dislocation type 

was observed in the FSW joints. The AA6082 native material was characterized by a 

predominance of screw-type dislocations, while all welds were of the edge type. In addition, it 

was found that if more heat is applied during the process - in the form of tilting the tool, 

increasing the rotational speed, or decreasing the traverse speed - the density of dislocations 

decreases and their mobility increases. During the welding, the precipitations dissolute. By 

applying more heat, the dissolution of precipitates is enhanced. The inhibition of the dislocation 

movement is weakened. This means that such material may have lower strength.  

Another approach was applied to calculate the dislocation density of dissimilar 

AA6060/AA6082 joints. In [P6] the calculations were based on indentation tests. It allowed to 

calculate the geometrically necessary dislocation density and statistically stored dislocation 

density. Higher dislocation densities were observed in FSW welds, in the nugget zone, 

compared to native materials. The influence of the tool rotational speed was not significant in 

this case. 

The same procedure as described in [P6] was applied to calculate dislocation density and 

mobility in AA5083/AA6060 dissimilar welds. In [P7] the effect of the tool rotational speed 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

50 

 

was discussed. Moreover, the analysis covered all the zones of welded joints – stir zones, 

thermo-mechanically affected zones, heat-affected zones, as well as both base metals. The 

dislocation densities in the stir zones of welds produced with different rotational speeds were 

lower than the dislocation density of the base metal AA6060 while higher than that of the base 

AA5083 alloy. One of the most important observations was that the zone with the lowest 

dislocation density and highest mobility was the heat-affected zone on the AA6060 alloy side. 

The lowest hardness was also observed in this zone. This is in accordance with the theory that 

an increase in dislocation density and a decrease in dislocation mobility affects the increase in 

metal strength. 

4.8. Description of major research observations 

Studies performed on the AA6082, AA6060/AA6082, and AA5083/AA6060 friction stir 

welded joints allowed to specify the most relevant conclusions: 

• The use of a self-designed tool with a hexagonal pin with grooves allows to produce 

sound similar AA6082 and dissimilar AA6060/AA6082 and AA5083/AA6060 joints 

without serious defects. 

• In all the produced welds the characteristic for friction stir welding zones are found – 

stir zone, thermo-mechanically affected zone, heat-affected zone, and base metal. 

• The asymmetry of the hardness profiles of AA6082 and AA5083/AA6060 joints 

indicates the existence of AS and RS.  

• Welding with the tool with a hexagonal pin with grooves provides a maximum 

temperature at least 5 % higher than when welding with the use of the tapered cylindrical 

pin with no grooves based on the performed computer simulations. 

• In the produced similar welds of AA6082, greater grain refinement is observed in the 

SZ as a result of applying the hexagonal pin with grooves, compared to the cylindrical 

pin with no grooves. This is a result of total heat input. 

• Using the non-inclined tool results in a larger average grain size in the weld nugget zone 

of AA6082 than when using an inclined tool. The average grain size decreases with an 

increase in the tool rotational speed and a decrease in the tool traverse speed to the 

increased heat input. Also, with the higher heat input the radius of the nugget zone also 

increases. These observations are consistent with the studies on dissimilar 

AA5083/AA6060 joints. 

• Reduction of precipitation fraction can be observed in a nugget zone of AA6082 similar 

friction stir welded joint. 
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• Hardness measurements on AA6082 joints revealed that the weld produced with a 

hexagonal pin with grooves has a higher hardness in the SZ compared to the weld 

produced with the cylindrical pin. This is consistent with the Hall-Petch relationship.  

• Performed tensile tests on AA6082 joints revealed that the location of the lowest 

strength is the HAZ on the advancing side. This location is also characterized by the 

lowest hardness. 

• The friction stir welding process improves the corrosion properties of the similar and 

dissimilar welds of aluminum alloys of the 6000 series. When welding dissimilar alloys 

of 5000 and 6000 series, the corrosion properties of the welds are improved with respect 

to 6000 series alloy. 

• A linear correlation is found for the relationship between residual stress and corrosion 

resistance of AA6060/AA6082 joints. 

• The friction stir welding process results in an increase in the fraction of edge-type 

dislocations. They are also characterized by higher mobility. 

• The lowest dislocation density with the highest mobility is found in the HAZ of 

AA5083/AA6060. Also, the HAZ is characterized by the lowest strength. 

• A linear decreasing relationship is observed in AA6082 welds between the ratio of 

dislocation density and mobility, and the introduced heat input – by applying higher tool 

rotational speed, lower tool traverse speed of using an inclined tool. 
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5. SUMMARY 

The conducted research demonstrated that process parameters such as tool geometry, tool 

traverse and rotational speed, and tool tilt angle significantly affect the properties of the 

produced similar and dissimilar joints of selected aluminum alloys. 

The two author's tool geometries proposed in the dissertation produced defect-free welds. The 

welds produced with the tool with a hexagonal pin with grooves exhibited better properties. It 

was observed that the process parameters directly affect the stress state of the joints. During the 

FSW process, the type of dislocations, their density, and mobility change, which directly affects 

the strength of the material. The FSW process parameters were also found to have a significant 

effect on the microstructure of the joints, the size of the different zones characteristic of a friction 

stir welded joint, hardness, electrochemical, and strength properties. Also, experiments were 

performed that allowed to determine not only the corrosion resistance of the metallic joint 

material, but also of the oxide layer. 

In accordance with the above conclusions and the description of the main achievements of this 

dissertation, it can be concluded that the research thesis has been proven. The parameters of the 

friction stir welding process - the geometry of the tool, tool rotational and traverse speed ad tool 

tilt angle affect the generation of residual stresses, change the dislocation characteristics of the 

joint, and have a direct influence on the mechanical and electrochemical properties of similar 

and dissimilar joints of selected aluminum alloys. It is possible to shape the physicochemical 

and mechanical properties of similar and dissimilar joints of selected aluminum alloys by 

appropriate selection of the parameters of the FSW process. The correlation between the FSW 

process parameters and the properties of the joints of selected aluminum alloys was found. 

Both the scientific and functional objectives of this dissertation have been fulfilled. The effects 

of friction stir welding process parameters on the residual stresses, dislocation densities, and 

mobility, and the resulting mechanical and electrochemical properties of joints from selected 

aluminum alloys were determined. The joints of selected aluminum alloys without defects, 

which are characterized by high mechanical and electrochemical properties were produced. 

The research performed allowed confirmation of the thesis posed but at the same time left new 

and intriguing questions. Further research work is planned on aluminum alloys of other series. 

In addition, the issues of dissimilar joints of different materials, whose mechanical and 

physicochemical properties are completely different, seem to be of interest. Also of interest are 

all kinds of modifications of the friction stir welding method, such as pulse friction stir welding, 

bobbin tool friction stir welding, or friction stir spot welding. 
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The experimental studies were conducted at the Gdansk University of Technology (Poland) in 

collaboration with scientists from the Warsaw University of Technology (Poland), the 

University of Salento (Italy), and the Isfahan University of Technology (Iran).  
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7.3. [P3] Temperature evolution, material flow and resulting mechanical properties as a 

function of tool geometry during Friction Stir Welding of AA6082. 

 

Laska A.*, Sadeghi B., Sadeghian B., Taherizadeh A., Szkodo M., Cavaliere P., Temperature 

evolution, material flow and resulting mechanical properties as a function of tool geometry 

during Friction Stir Welding of AA6082. Major Revision (II round of Under Review after Major 

Revision status) in Journal of Materials Engineering and Performance (IF = 2.036, 70 points of 

the Polish Ministry of Science and Higher Education) 

 

7.3.1. Declaration of the contribution of the doctoral candidate 

 

 

 My contribution to the preparation of this publication included the development of the 

research methodology and the design and fabrication of the FSW tool in two different 

geometries. In addition, I analyzed the results of computer simulations. I acquired the studied 

material and produced samples of AA6082 aluminum alloy using the FSW method. I conducted 

macro- and microstructural observations, hardness measurements on the cross-sections of the 

produced joints, and carried out static tensile testing and SEM observations of the fractures. I 

analyzed the obtained research results. I conducted a discussion in the manuscript. I prepared 

figures and tables. In addition, I prepared the manuscript for publication and functioned as a 

correspondence author. 
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7.4. [P4] Effect of Processing Parameters on Strength and Corrosion Resistance of Friction 

Stir-Welded AA6082. 

 

Laska A., Szkodo M., Koszlow D., Cavaliere P.*, Effect of Processing Parameters on Strength 

and Corrosion Resistance of Friction Stir-Welded AA6082. Metals. 12(2), 192; 2022. 

doi:10.3390/met12020192. (IF = 2.695, 70 points of the Polish Ministry of Science and Higher 

Education) 

 

7.4.1. Declaration of the contribution of the doctoral candidate 

 

 

My contribution to the preparation of the manuscript was the preparation of the literature review 

and the acquisition of the study material. I developed the methodology of the experiments. I 

fabricated AA6082 aluminum alloy specimens by the FSW method using two different 

rotational speeds, two traverse speeds, and two tool tilt angles. I conducted a visual inspection 

and microscopic examination. I examined the microhardness of the samples on cross-sections. 

I performed potentiodynamic tests and Tafel extrapolation. I analyzed the obtained research 

results. I conducted a discussion in the manuscript. I prepared figures and tables and drafted the 

entire manuscript. I prepared responses to reviewers. 

 

My percentage contribution to the preparation of the manuscript was equal to 60 %. 
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7.5. [P5] Analysis of Residual Stresses and Dislocation Density of AA6082 Butt Welds 

Produced by Friction Stir Welding. 

 

Laska A.*, Szkodo M., Cavaliere P., Moszczyńska D., Mizera J., Analysis of Residual Stresses 

and Dislocation Density of AA6082 Butt Welds Produced by Friction Stir Welding. 

Metallurgical and Materials Transactions A – Physical Metallurgy and Materials Science. 54, 

211-225; 2023. doi:10.1007/s11661-022-06862-4. (IF = 2.726, 200 points of the Polish Ministry 

of Science and Higher Education) 

 

7.5.1. Declaration of the contribution of the doctoral candidate 

 

 

My contribution to the preparation of the manuscript consisted of preparing the literature review 

and obtaining the research material. I developed the methodology for the experiments. I 

fabricated AA6082 aluminum alloy specimens by FSW using two different rotational speeds, 

two traverse speeds, and two tool tilt angles. I conducted macroscopic observations. I analyzed 

the XRD diffractograms. I performed indentation studies. I made calculations of residual 

stresses, dislocation density, and dislocation mobility. I analyzed the obtained experimental 

results. I conducted a discussion in the manuscript. I prepared figures and tables and drafted the 

manuscript. I prepared responses to the reviewers and functioned as a correspondence author. 

 

My percentage contribution to the preparation of the manuscript was equal to 60 % 
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7.6. [P6] Corrosion Properties of Dissimilar AA6082/AA6060 Friction Stir Welded Butt 

Joints in Different NaCl concentrations. 

 

Laska A.*, Szkodo M., Pawłowski Ł., Gajowiec G., Corrosion Properties of Dissimilar 

AA6082/AA6060 Friction Stir Welded Butt Joints in Different NaCl concentrations. 

International Journal of Precision Engineering and Manufacturing – Green Technology. 10, 457-

477; 2023. doi: 10.1007/s40684-022-00441-z. (IF = 4.66, 200 points of the Polish Ministry of 

Science and Higher Education) 

 

7.6.1. Declaration of the contribution of the doctoral candidate 

 

 

My contribution to the preparation of the manuscript consisted of preparing the literature review 

and obtaining the research material. I developed the methodology for the experiments. I 

fabricated AA6082/AA6060 aluminum alloy joints by the FSW method using two different 

traverse speeds. I conducted macro- and microscopic observations. I analyzed the XRD 

diffractograms. I performed indentation studies. I made calculations of residual stresses, 

dislocation density, and dislocation mobility. I performed potentiodynamic studies. I analyzed 

the obtained experimental results. I conducted a discussion in the manuscript. I prepared figures 

and tables and drafted the manuscript. I prepared responses to the reviewers and functioned as 

a correspondence author. 

 

My percentage contribution to the preparation of the manuscript was equal to 55 %. 
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7.7. [P7] Influence of the Tool Rotational Speed on Physical and Chemical Properties of 

Dissimilar Friction-Stir-Welded AA5083/AA6060 Joints. 

 

Laska A., Szkodo M., Cavaliere P.*, Perrone A., Influence of the Tool Rotational Speed on 

Physical and Chemical Properties of Dissimilar Friction-Stir-Welded AA5083/AA6060 Joints. 

Metals. 12(10), 1658; 2022. doi: 10.3390/met12101658. (IF = 2.695, 70 points of the Polish 

Ministry of Science and Higher Education) 

 

7.7.1. Declaration of the contribution of the doctoral candidate 

 

 

My contribution to the preparation of the manuscript consisted of preparing the literature review 

and obtaining the research material. I developed the methodology for the experiments. I 

fabricated AA5083/AA6060 aluminum alloy dissimilar welds by the FSW method using three 

different rotational speeds. I conducted macro- and microscopic observations. I performed 

indentation studies. I calculated dislocation density and dislocation mobility. I performed 

potentiodynamic studies and SEM observations. I analyzed the obtained experimental results. I 

conducted a discussion in the manuscript. I prepared figures and tables and drafted the 

manuscript. I prepared responses to the reviewers. 

 

My percentage contribution to the preparation of the manuscript was equal to 80 %. 

 

 

 

………………………………...……………… 

Aleksandra Laska 
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7.7.2. Content of the publication 
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8. DECLARATIONS OF THE CONTRIBUTION OF CO-AUTHORS 

8.1. [P1] Friction Stir Welding – an overview of tool geometry and process parameters. 
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8.2. [P2] Manufacturing Parameters, Materials, and Welds Properties of Butt Friction Stir 

Welded Joints – Overview. 
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8.3. [P3] Temperature evolution, material flow and resulting mechanical properties as a 

function of tool geometry during Friction Stir Welding of AA6082. 
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8.4. [P4] Effect of Processing Parameters on Strength and Corrosion Resistance of Friction 

Stir-Welded AA6082. 
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8.5. [P5] Analysis of Residual Stresses and Dislocation Density of AA6082 Butt Welds 

Produced by Friction Stir Welding. 
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8.6. [P6] Corrosion Properties of Dissimilar AA6082/AA6060 Friction Stir Welded Butt 

Joints in Different NaCl concentrations.  
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8.7. [P7] Influence of the Tool Rotational Speed on Physical and Chemical Properties of 

Dissimilar Friction-Stir-Welded AA5083/AA6060 Joints. 
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9. SCIENTIFIC AND ORGANIZATIONAL ACHIEVEMENTS OF 

THE DOCTORAL CANDIDATE 

9.1. Bibliometric indicators 

Source Web of Science Scopus Google Scholar 

h-index 3 3 5 

Number of 

publications 
13 12 13 

Number of 

citations 
37 41 57 

Number of 

citations 

excluding auto-

citations 

28 31 - 

       *  

Total IF: 41.252 

Total points of the Polish Ministry of Science and Higher Education: 1320 

Review activity: 

• Journal of Materials Engineering and Performance (6 reviews) 

• Steel Research International (2 reviews) 

• Thermochimica Acta (2 reviews) 

• International Journal of Pressure Vessels and Piping (1 review) 

• Materialia (1 review) 

• Surface and Coatings Technology (1 review) 

• Physica status solidi (RRL) - Rapid Research Letters (1 review) 

 Data for the date 05.06.2023  

9.2. List of publications 

1. Laska, A., Szkodo, M., Cavaliere, P., Moszczyńska, D., Mizera, J., Analysis of Residual 

Stresses and Dislocation Density of AA6082 Butt Welds Produced by Friction Sir 

Welding (2023), Metallurgical and Materials Transactions A: Physical Metallurgy and 

Materials Science, 54, 211-225. https://doi.org/10.1007/s11661-022-06862-4 
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2. Laska, A., Szkodo, M., Pawłowski, Ł., Gajowiec, G., Corrosion Properties of Dissimilar 

AA6082/AA6060 Friction Stir Welded Butt Joints in Different NaCl Concentrations 

(2023), International Journal of Precision Engineering and Manufacturing - Green 

Technology, 10, 457-477. https://doi.org/10.1007/s40684-022-00441-z 

3. Laska, A., Szkodo, M., Cavaliere, P., Perrone, A., Influence of the Tool Rotational 

Speed on Physical and Chemical Properties of Dissimilar Friction-Stir-Welded 

AA5083/AA6060 Joints (2022), Metals, 12, 1658. 

https://doi.org/10.3390/met12101658 

4. Laska, A., Szkodo, M., Koszelow, D., Cavaliere, P. , Effect of Processing Parameters 

on Strength and Corrosion Resistance of Friction Stir-Welded AA6082 (2022), Metals, 

12, 192. https://doi.org/10.3390/met12020192 

5. Laska, A., Szkodo, M., Manufacturing Parameters, Materials, and Welds Properties of 

Butt Friction Stir Welded Joints–Overview (2020), Materials, 13, 4940. 

https://doi.org/10.3390/ma13214940 

6. Laska, A., Bartmański, M., Parameters of the electrophoretic deposition process and its 

influence on the morphology of hydroxyapatite coatings. Review (2020), Inżynieria 

Materiałowa, 1, 20-25. https://doi.org/10.15199/28.2020.1.3 

7. Sadeghi, B., Sadeghian, B., Taherizadeh, A., Laska, A., Cavaliere, P., Gopinathan, A., 

Effect of Porosity on the Thermo-Mechanical Behavior of Friction-Stir-Welded Spark-

Plasma-Sintered Aluminum Matrix Composites with Bimodal Micro- and Nano-Sized 

Reinforcing Al2O3 Particles (2022), Metals, 12, 1660. 

https://doi.org/10.3390/met12101660 

8. Sadeghi, B., Cavaliere, P., Laska, A., Perrone, A., Blasi, G., Gopinathan, A., 

Shamanian, M., Ashrafizadeh, F., Effect of processing parameters on the cyclic 

behaviour of aluminium friction stir welded to spark plasma sintered aluminium matrix 

composites with bimodal micro-and nano-sized reinforcing alumina particles (2023), 

Materials Characterizations, 195, 112535. 

https://doi.org/10.1016/j.matchar.2022.112535  

9. Cavaliere, P., Perrone, A., Silvello, A., Laska, A., Blasi, G., Cano, I. G., Sadeghi, B., 

Nagy, S., Cyclic behavior of FeCoCrNiMn high entropy alloy coatings produced 

through cold spray (2023), Journal of Alloys and Compounds, 931, 167550. 

https://doi.org/10.1016/j.jallcom.2022.167550 

10. Sadeghi, B., Shabani, A., Heidarinejad, A., Laska, A., Szkodo, M., Cavaliere, P., A 

Quantitative Investigation of Dislocation Density in an Al Matrix Composite Produced 
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by a Combination of Micro-/Macro-Rolling (2022), Journal of Composites Science, 6, 

199. https://doi.org/10.3390/jcs6070199 

11. Najafizadeh, M., Ghasempour-Mouziraji, M., Hosseinzadeh, M., Yazdi, S., Sarrafan, 

A., Bozorg, M., Cavaliere, P., Laska, A., Szkodo, M., Optimization of biocorrosion 

resistance and mechanical properties of PM Ti–XAl–2Fe–3Cu alloys by response 

surface methodology (2022), Journal of materials science, 57, 18669-18689. 

https://doi.org/10.1007/s10853-022-07768-7 

12. Cavaliere, P., Perrone, A., Silvello, A., Laska, A., Blasi, G., Cano, I. G., Fatigue 

Bending of V-Notched Cold-Sprayed FeCoCrNiMn Coatings (2022), Metals, 12, 780. 

https://doi.org/10.3390/met12050780 

13. Kowalczyk, Łukasz, Korol, J., Chmielnicki, B., Laska, A., Chuchała, D., Hejna, A., 

One More Step Towards a Circular Economy for Thermal Insulation Materials—

Development of Composites Highly Filled with Waste Polyurethane (PU) Foam for 

Potential Use in the Building Industry (2023), Materials, 16, 782. 

https://doi.org/10.3390/ma16020782 

9.3. Conference presentations 

1. Oral presentation: 

Laska A., FSW method as an innovative welding technique on the example of aluminum 

alloys, Belzona – Innovation in Technology VI edition, 16 May 2023, Gdansk, Poland 

2. Oral presentation: 

Laska A., Influence of the process parameters on the properties of AA6082 joints 

welded by the FSW method, 3rd International Conference on Materials Science & 

Engineering, 28 March 2023, On-line 

3. Oral presentation: 

Laska A., Modern method of joining materials - Friction Stir Welding and its influence 

on the properties of aluminum alloy joints, 3rd International Virtual Conference on 

Advanced Functional Materials (ICAFM-2022), 1-3 December 2022, On-line 

4. Oral presentation: 

Laska A., The influence of friction stir welding process parameters on residual stresses 

and dislocation density in AA6082 welds, 24th International Conference Materials, 

Methods and Technologies, 19-22 August 2022, Burgas, Bulgaria 
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5. Oral presentation: 

Laska A., The effect of residual stresses and dislocation density on the electrochemical 

properties of AA6082/AA6060 dissimilar joints produced by Friction Stir Welding 

method, Belzona – Innovation in Technology V edition 18 May 2022, Gdansk, Poland 

6. Oral presentation: 

Laska A., Szkodo M., The influence of residual stresses and dislocation density on the 

electrochemical properties of dissimilar AA6082/AA6060 joints fabricated by the FSW 

method, 2nd International Conference on advanced joining processes, 21-22 October 

2021, Sintra, Portugal 

7. Oral presentation: 

Laska A., Szkodo M., Analysis of residual stresses and crystallite size of 

AA6082/AA6060 friction stir welded butt joints produced with different tool traverse 

speed, 23rd International Conference Materials, Methods and Technologies, 19-22 

August 2021, Burgas, Bulgaria 

8. Poster presentation: 

Laska A., Corrosion properties of dissimilar AA6082/AA6060 friction stir welded butt 

joints in different NaCl concentrations, 5th International Conference on Materials 

Research and Nanotechnology ICMRN-2023, 20-21 April 2023, On-line 

9.4. Projects 

Implementation of activities in the project NEW APPROACH TO INNOVATIVE 

TECHNOLOGIES IN MANUFACTURING "NEPTUN" 101079398-NEPTUN-HORIZON-

WIDERA-2021_ACCESS-03 (European Research Executive Agency REA) 

9.5. Professional training 

• Certified training in the use of MEASURLINK v.9 software - 2023 

• Certified training in the use of nanoindenter Alemnis In-situ SEM - 2022 

• Certified training in the use and analysis of microtomography instrument - V/TOME/X 

S Waygate Technology – 2021 
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9.6. Research internships 

▪ June 2023 (one week) 

Department of Innovation Engineering, University of Salento, Lecce, Italy, Research Intern - a 

research team led by Prof. Pasquale Cavaliere – project on direct hydrogen reduction of iron 

oxide pellet  

▪ January 2023 (one week) 

The Brandenburg University of Technology Cottbus-Senftenberg (BTU), Department of 

Welding and Joining, Cottbus, Germany, Research Visitor – project on Impulse Friction Stir 

Welding of aluminum alloys 

▪ June 2022 (one week) 

Research Welding Institute, Research and Development Division of Welding Technologies and 

Equipment, Bratislava, Slovakia, Research Visitor – project on Friction Stir Welding of 

aluminum alloys 

▪ November 2021 (one month) 

Department of Innovation Engineering, University of Salento, Lecce, Italy, Research Intern - a 

research team led by Prof. Pasquale Cavaliere – project on Friction Stir Welding of aluminum 

alloys 

▪ September 2019 (one month) 

Belarusian State University of Informatics and Radioelectronics, Minsk, Belarus Project Intern- 

a research team led by Prof. Vadim Bogush – project on computer simulations of physical 

properties of nanoparticles 

▪ July 2018 - September 2018 (3 months) 

Faculty of Engineering, Tarbiat Modares University, Tehran, Iran, Project Intern - a research 

team led by Prof. Hamid Delavari – project on the production of carbon quantum dots 

9.7. Awards 

• In 2015/2016, 2016/2017, 2017/2018, and 2018/2019 GUT rector's academic 

scholarship for the best students. 

• In 2021/2022 and 2022/2023, scholarship FRANCIUM for outstanding doctoral 

students IDUB GUT. 

• In 2022/2022 scholarship for scientific achievements under the POWER project 

POWR.03.02.00-IP.08-00-DOK/16. 
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• In 2021 - travel scholarship within the PROM NAWA project - International 

scholarship exchange of doctoral students and academic staff in the field of modern 

technologies 

• Completion of bachelor's and master's degrees with the rector's distinction 

9.8. Organizational activities 

• Member of the Faculty Committee for Ensuring the Quality of Education, for the 2021-

2024 term, Faculty of Mechanical Engineering and Ship Technology, Gdańsk 

University of Technology 

• Volunteering at the Foundation for Nanotechnology and Nanoscience Support 

NANONET (October 2017 – present) 

• Member of the Organizing Committee, 4th National Scientific Conference IMPLANTS 

2022, 27-28 May 2022, Gdańsk, Poland 

• Member of the Organizing Committee, 3rd National Scientific Conference IMPLANTS 

2021, 18 May 2021, on-line 

• Member of the Organizing Committee, 2nd National Scientific Conference IMPLANTS 

2019, 28-29 May 2019, Gdańsk, Poland 
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