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Abstract: Aluminum alloys have been successfully used in the railroad and automotive industries 
because of their potential to significantly reduce component weights, and their good mechanical 
and anti-corrosion properties. Problems with joining aluminum alloys are characterized by low 
weldability, which influences the need for studies focused on unconventional methods. The envi-
ronmentally friendly and low-cost friction-stir-welding method enables the material to be joined 
without melting. In the following study, dissimilar butt joints were produced from AA5083 and 
AA6060 alloys. A constant tool traverse speed of 100 mm/min and a tool tilt angle of 2º were used, 
combined with tool rotational speeds of 800, 1000 and 1200 RPM. It was revealed that as the tool 
speed increases, the hardness in the weld nugget zone increases, due to higher heat input and more 
effective recrystallization. The highest hardness of the weld nugget zone was observed for the weld 
that was produced with the highest tool rotational speed, and was equal to 1.07 GPa, compared to 
the hardness of both parent materials of 0.75 and 1.15 GPa for AA5083 and AA6060, respectively. 
Increasing the heat input also decreased the hardness of the heat-affected zone, where recrystalli-
zation was not observed. The lowest density of dislocations with the highest mobility was observed 
in the heat-affected zone on the AA6060 side, which also contributed to the reduction in strength in 
this zone. The produced welds exhibited corrosion resistance between both parent materials, with 
the lowest corrosion current density being 6.935 ± 0.199 µA·cm–2 for the weld that was produced at 
a tool speed of 1200 RPM. 

Keywords: friction-stir welding; solid state joining; corrosion; aluminum alloys; mechanical prop-
erties; dislocations 
 

1. Introduction 
Aluminum alloys are increasingly being used in a wide range of industries, including 

the automotive and railroad industries. The biggest challenge in these sectors is to imple-
ment a material that is characterized by high strength, corrosion resistance and easy ma-
chinability [1]. In addition, rising transportation costs are necessitating further reductions 
in the weight of vehicular components, while maintaining their optimal properties. Alu-
minum alloys are an excellent alternative to steel. Their use enables the weight of the 
structure to be reduced by up to three times, resulting in a significant reduction in the cost 
of transportation [2]. The adoption of aluminum in train wagon bodies minimizes the 
weight and energy that are required to accelerate and decelerate them. This can increase 
vehicle payloads, leading to lower fuel consumption and lower machine operating costs 
[3]. 

Aluminum alloys are characterized by good corrosion resistance; however, even 
slight corrosion losses can contribute to a rapid reduction in the mechanical properties of 
the structure. Therefore, it is extremely important, in addition to ensuring high structural 
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strength, to determine the resistance of aluminum alloys to corrosion. Among the alloys 
with particularly high corrosion resistance are the ones that are in series 5XXX and 6XXX. 
AA5083 alloy is characterized by very good corrosion resistance and high strength [4,5]. 
AA6060 exhibits excellent machinability and high strength in plate form. AA6XXX alloy 
is commonly applied in high-speed train manufacturing, for example, in profiles and car-
riage components [6,7]. Welding dissimilar materials together is of great importance in 
the industry. It is necessary for a number of construction applications, in order to maxim-
ize the quality of structures and to improve strength, weight, and corrosion resistance. 

In spite of the many advantages that are associated with the use of aluminum alloys 
in the transportation industry, a welding problem arises [8–10]. Aluminum alloys are 
characterized by poor weldability. Their joining by conventional methods carries a high 
risk of creating a structure with numerous defects and low strength [11].  

Friction-stir welding (FSW) offers an alternative way of joining materials to avoid the 
risks of potential defects arising from conventional welding. During the FSW process, a 
specially designed tool, consisting of a pin and a shoulder, is used to join materials that 
are in contact with each other. The tool is put into rotary motion, and is placed between 
the components to be welded until contact between the surfaces of the components and 
the tool shoulder is achieved. The tool is then set into simultaneous linear motion along 
the joint line. The kinetic energy of the tool is converted into thermal energy, which is 
created by friction at the interface between the tool and work pieces. The heated material 
is plasticized, mixed by the pin and extruded in the backwards direction of the tool, which 
is moving along the edge of the contact line. As no melting point during welding is 
reached, solid-state FSW brings many advantages over conventional welding. The reduc-
tion in weld defects such as discontinuities and porosities, the lower solubility of hydro-
gen and the lower process costs associated with FSW are contributing to the growing in-
terest in this method [12]. Due to lower energy consumption and the use of non-consum-
able tools, this method is also classified as a green technology [13].  

The majority of studies and patents on FSW have been on aluminum and its alloys, 
according to an analysis by Magalhaes et al. [14], followed by iron alloys, magnesium, 
titanium and their alloys. Moreover, a number of previous studies on FSW involved dis-
similar aluminum alloys. Ghaffarpour et al. [1] successfully joined AA5083-H12 and 
AA6061-T6 alloys with the FSW process. Tensile tests and hardness measurements were 
performed in order to investigate the strength of the produced samples. The lowest hard-
ness was recorded in the heat-affected zone of the AA6061-T6 sheet. It was also noted that 
by increasing the tool rotational speed, the hardness of the mixing zone was reduced. Fur-
thermore, Devaiah et al. [15] used a FSW process to produce AA5086/AA6061 joints that 
were characterized by a high tensile strength. Peel et al. [16] produced high-quality joints 
of AA5083/AA6082. In the study of Khodir et al. [17], the friction-stir-welded joints of 
AA2024/A7075 were found to exhibit high tensile strength and hardness. Palanivel et al. 
[18] investigated the effect of tool geometry on the tensile strength of AA5083-
H111/AA6351-T6 joints. It was found that using straight square and hexagon pins yielded 
the best quality joints. Guo et al. [19] studied the mutual position of AA6061 and AA7075 
alloys during welding. It was observed that the positioning of the AA6061 alloy on the 
advancing side promotes material mixing, and improves the mechanical properties of the 
weld. In a study by Mastanaiah el al. [20], it was found that by increasing the welding 
speed and decreasing the tool rotational speed, defect formation is more possible during 
the FSW of AA2219 and AA5083 alloys. Dong et al. [21] successfully used an FSW process 
on AA7003/AA6060, obtaining welds characterized by a high ultimate tensile strength that 
was equal to 78.2% of base material AA6060. Due to the different properties of the alloys 
used in this study, including the high corrosion resistance of the 5XXX series alloy and the 
high strength of the 6XXX alloy, welding them properly together is crucial in designing 
structures that provide such performance. Such examples include structures that are ex-
posed to significant load transfer, and whose parts are simultaneously exposed to a cor-
rosive environment, such as seawater or the atmosphere. To the best of the authors' 
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knowledge, there are no reports on dissimilar friction-stir welding of AA5083 and AA6060 
aluminum alloys. 

Therefore, the aim of the present study was to weld dissimilar AA5083-O and 
AA6060-T6 aluminum alloys together using FSW. The effect of tool rotational speed dur-
ing the FSW process on the microstructure, hardness, dislocation density and mobility, as 
well as corrosion resistance, was investigated. 

2. Materials and Methods 
The friction-stir-welding method was applied to join commercial AA5083-O and 

AA6060-T6 aluminum alloys. The nominal chemical compositions of both alloys are pre-
sented in Table 1. The alloys were purchased in the form of rolled sheets that were 3 mm 
in thickness. The plates were butt-welded with AA5083 on the advancing side and 
AA6060 on the retreating side, parallel to the rolling direction. The welds were designed 
to be 200 mm in length from two plates with dimensions of 100 mm × 200 mm.  

Table 1. Chemical compositions of the AA5083 and AA6060 alloys. 

Chemical Composition (wt%) 
 Si Fe Cu Mn Mg Cr Zn Ti Al 

AA5083 0.40 0.40 0.10 0.60 4.50 0.15 0.25 0.15 balance 
AA6060 0.40 0.20 0.10 0.10 0.40 0.05 0.15 0.10 balance 

 
The process was performed on a conventional milling machine (FU251, Friedrich En-

gels Kazanluk, Sofia, Bulgaria). Figure 1 presents the schematic illustration of the process, 
as well as the geometry of the tool adopted for the studies. The tool shoulder was of a flat 
surface with a diameter equal to 18 mm. The length of the pin was 2.5 mm. The pin shape 
was hexagonal with a distance across the flats of 6 mm. The pin was designed with 0.5 
mm long grooves for every 0.5 mm of the hexagonal pin's length. The pin was produced 
of 73MoV52 steel, while the shoulder was made of X210Cr12 steel. The measured hardness 
of the pin was 58 HRC and of the shoulder 61 HRC (Wilson Mechanical Instrument Co. 
Inc., New York, NY, USA). The welding of dissimilar joints was carried out at a constant 
tool traverse speed of 100 mm/min, and a constant tool tilt angle of 2º. The tool rotational 
speeds used were 800, 1000, and 1200 RPM. Table 2 presents the process parameters, as 
well as revolutionary pitch values, defined as the rotational speed of the tool divided by 
its traverse speed.  
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Figure 1. Schematic illustration of the process, geometry of the tool and location of the samples for 
the performed tests. 

Table 2. FSW process parameters and corresponding revolutionary pitch values. 

Material Traverse Speed 
(mm/min) 

Rotational Speed 
(RPM) 

Tilt Angle 
(º) 

Revolutionary 
Pitch (rot/mm) 

AA5083/AA6060 100 800 2 8 
AA5083/AA6060 100 1000 2 10 
AA5083/AA6060 100 1200 2 12 

 
Specimens of dimensions 300 mm × 10 mm were prepared for the microstructure ob-

servations. For this purpose, the samples were wet ground on the cross-sections of the 
welds to a final gradation of #4000, and polished with a 1-micrometer diamond suspension. 
A double-stage etching was performed using Weck’s etchant. Firstly, the polished sam-
ples were immersed in a 2 wt% NaOH solution for 60 s. In the second stage, the samples 
were etched in a solution containing 4 g of KMnO4, 1 g of NaOH and 100 mL of distilled 
water, for 10 s. The microstructure was observed using an optical microscope (BX51, 
OLYMPUS, Tokyo, Japan), according to the ASTM E3 standard guide for preparation of 
metallographic specimens. 

Hardness measurements were conducted using indentation tests on the cross-sec-
tions of the samples, as presented in Figure 1 (NanoTest Vantage, Micro Materials, Wrex-
ham, UK). The tests were conducted in the mid-thickness of the cross-sections, with the 
indents spaced at a distance of 0.5 mm, in accordance with the ASTM E384-17 standard 
test method for microindentation hardness of materials. A pyramidal diamond Berkovich 
indenter was used to carry out 60 independent measurements with a force of 1 N. The 
loading and unloading times were equal to 20 s. The dwell time was set to 5 s. 

The electrochemical properties measurements were performed in accordance with 
the ASTM G5-94 standard reference test method for making potentiostatic and poten-
tiodynamic anodic polarization measurements. Disc samples with an area of 1 cm2 were 
cut from the weld nugget (Figure 1). The tests were conducted in 3.5 wt% NaCl (99.8% 
purity, Warchem, Warsaw, Poland) solution in distilled water, using a potentiostat/gal-
vanostat (Atlas 0531, Atlas Sollich, Rębiechowo, Poland). The temperature of the solution 
during the tests was maintained at 20 °C. A three-electrode system was applied. A plati-
num electrode was used as a counter electrode, a saturated calomel electrode was used as 
a reference electrode, and a welded sample or a base material sample was used as a work-
ing electrode. The tests were initiated by measuring the open-circuit potential (OCP) for 
60 min. The corrosion curves were obtained using the potentiodynamic method for a po-
tential range from −2 V to +1 V. The potential scan rate was equal to 1 mV/s. The corrosive 
potential (Ecorr) and the corrosion current density (icorr) values were determined using the 
Tafel extrapolation method and AtlasLab software (ATLAS 0532 Electrochemical unit and 
Impredance Analyser, Atlas Sollich, Rębiechowo, Poland). The surfaces of the samples 
after the corrosion tests were investigated using a high-resolution scanning electron mi-
croscope (SEM) (Phenom XL, Thermo Fisher Scientific, Breda, Netherlands) with a back-
scattered electron detector (BSE).  

3. Results and Discussion 
Visual inspections were conducted to determine the quality of the performed welds. 

The images of the weld seam surfaces are presented in Figure 2. No serious surface de-
fects, such as lack of bonding or grooves, were found. A very little material outflow was 
observed in the case of the samples that were produced with  tool rotational speeds of 800 
and 1000 RPM. Moreover, the weld produced with the tool rotational speed of 800 RPM 
exhibited a slight cavitation defect on the retreating side. In the case of welds produced 
with lower tool rotational speeds (800 RPM and 1000 RPM), insufficient plasticization of 
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the material occurred as a result of the lower heat input, which led to the formation of 
defects. Small cavitation losses on the retreating side, as well as material outflows ob-
served in both cases, were also caused by insufficient mixing of the material. For the weld 
produced with the highest tool rotational speed equal of 1200 RPM, no irregularities of 
the weld seam were found on the surface. The weld surface was smooth, and exhibited a 
periodic structure. It is believed that the key factors in determining the weld quality are 
sufficient heat input and proper mixing of the plasticized material. By increasing the tool 
rotational speed, higher heat is input; thus, sufficient plasticizing and mixing result in the 
formation of a non-defective weld seam. 

 
Figure 2. Friction-stir-welded samples produced with tool rotational speeds of 800 RPM (a), 1000 
RPM (b) and 1200 RPM (c). 

Figure 3 presents the macro- and microstructure of one selected weld that was pro-
duced with a tool rotational speed of 1200 RPM. Based on macroscopic observations, a 
characteristic basin shape of the weld nugget can be distinguished. The microscopic ob-
servations (Figure 3b–h) permit evaluation of the grain size and shape within all the spec-
ified zones. The heat input  strongly influenced the microstructure of the heat-affected 
zone (HAZ), the thermo-mechanically affected zone (TMAZ) and the weld nugget zone 
(WN). During the process, frictional heating causes plasticization of the material. The 
amount of heat introduced to the material depends strongly on the process parameters. 
Husain et al. [22] noted that with increasing the tool rotational speed, the peak tempera-
ture during FSW becomes higher. The same conclusions were observed in the studies of 
Krishnan et al. [23], Liu et al. [24] and Salih et al. [25]. The nugget zone (Figure 3h) expe-
rienced the highest heat input, as well as plastic deformation, during mixing by the pin. It 
resulted in recrystallization within the zone, and led to the finest microstructure. Thermo-
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mechanically affected zones (Figure 3f–g) on both sides of the welds also experienced high 
temperature peaks and plastic deformation due to the mixing by the tool. The recrystalli-
zation process was not observed in the TMAZ due to lower heat input. The heat-affected 
zones on both sides (Figure 3d,e) resulted only through thermal evolution. No recrystal-
lization process occurred within the HAZ. By approaching both parent metals, the mate-
rial already became characterized by the original microstructures of both alloys (Figure 
3b,c). 

 

 
Figure 3. Macrostructure of the weld produced with a tool rotational speed of 1200 RPM (a), and 
microstructures of base metals AA5083 (b), AA6060 (c), HAZ on AA5083 side (d), HAZ on AA6060 
side (e), TMAZ on AA5083 side (f), TMAZ on AA6060 side (g) and the weld nugget (h). 

Figure 4 presents the hardness profiles on the mid-thickness of cross-sections of the 
produced welds. The hardnesses of the base metals were equal to approximately 0.75 GPa 
and 1.15 GPa for AA5083 and AA6060, respectively. The hardness profiles are asymmet-
rical due to the dissimilar welding of materials with different properties, classified in dif-
ferent groups of aluminum alloys, and delivered under different conditions. Aluminum 
alloys of the 5XXX series are classified as non-heat treatable. The strength of these alloys 
is initially formed by alloying pure aluminum by adding elements such as magnesium. 
Further increases in the strength of these alloys are achieved through various types of cold 
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working or hardening processes. On the contrary, aluminum alloys of the 6XXX series are 
classified as heat-treatable aluminum alloys. By adding alloying elements, such as mag-
nesium and silicon, the strength of the alloy is initially formed. The alloying elements ex-
hibit increasing solid solubility when the temperature increases. This provides significant 
additional strengthening to the heat-treatable alloys by subjecting them to solid solution 
treatment, quenching and, when applicable, precipitation heat-treatment known also as 
artificial aging, such as in the case of the AA6060-T6 used in this study. Due to the differ-
ent behaviors of these alloys under deformation and temperature, differences in the hard-
ness profile on the advancing and retreating sides can be observed. Analyzing the hard-
ness profile from the side of the AA6060 alloy to the center of the joint, the typical shape 
of the hardness profile for FSW joints of 6xxx-T6 series aluminum alloys is maintained, 
characterized by a minimum of hardness in the heat-affected zone [26,27]. Softening ob-
served in the heat-affected zone on the side of AA6060-T6 is an effect of precipitate coars-
ening and dissolution, due to sufficient heat input. The greatest recovery in strength can 
be observed in the nugget zone, as a result of the recrystallization process. The fine-
grained structure resulting from the recrystallization process affects the increase in hard-
ness. According to the Hall–Petch relationship, the increase in hardness can be observed 
as the average grain size decreases [28,29]. On the advancing side section of the hardness 
profile, the typical decrease in hardness in HAZ was not observed. At the sections of HAZ 
and TMAZ, an increase in hardness up to the weld nugget was observed. Welds produced 
from annealed metal, such as AA5083 in the O condition, do not exhibit a typical hardness 
drop in HAZ [16]. In the direction of the weld nugget, usually a higher hardness than the 
base metal in O condition can be noted due to modest hot work-hardening, and finally, 
grain refinement in the nugget zone [30]. The formation of the weld nugget eliminates the 
prior deformation microstructure in cold worked material and as a result, the hardness of 
the nugget zone is independent of the original base metal condition [31]. 
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Figure 4. Hardness profiles of the joints produced with a tool rotational speed of 800 RPM (a), 1000 
RPM (b) and 1200 RPM (c). Red dots indicate the exact locations of further dislocation density and 
mobility calculations. 

Figure 5 presents the influence of the revolutionary pitch parameter on the maximum 
hardness of the nugget zone (a), minimum hardness of the heat-affected zone (b) and the 
size of the nugget zone (c). The size of the nugget zone was determined based on the 
hardness profiles in the center of the cross-sections, as indicated in Figure 4. It is clear that 
as tool rotational speed increases while maintaining a constant tool traverse speed, the 
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value of revolutionary pitch increases; thus, the amount of heat input during the process 
increases [32–34]. For the weld produced with a tool rotational speed of 1200 RPM and a 
tool traverse speed of 100 mm/min, the highest hardness of the weld nugget was observed. 
This is due to the highest heat input, which resulted in the most effective recrystallization 
and the finest microstructure. Meanwhile, decreasing the tool rotational speed resulted in 
a lower heat input; consequently, less effective dynamic recrystallization in the weld nug-
get was observed. It should be also noted that microstructural observations confirmed the 
above findings. By applying the highest revolutionary pitch, the highest heat input re-
sulted, and thus the finest microstructure in the nugget zone and the highest hardness 
were noted. However, with a high amount of heat generated during the process, the tem-
perature peak in the heat-affected zone also increased. There, the influence of heat served 
a negative effect, as grain refinement did not occur as a result of recrystallization; only the 
introduced heat caused the dissolution of strengthening precipitates. This relationship is 
shown in Figure 5b. As the revolutionary pitch increased, thereby increasing the amount 
of heat introduced, the hardness of HAZ decreased due to the intensified process of dis-
solution of strengthening precipitates. It is also noticeable that as the revolutionary pitch 
increased, the size of the nugget zone tended to increase as well (Figure 5c). This is also 
explained by an increase in the heat input observed during the process, since the revolu-
tionary pitch was increased. The zone of interest in continuous dynamic recrystallization 
increased in size in this case, and subsequently the measured size increased, indicating a 
larger zone of improved hardness with regard to TMAZ and HAZ. 

 
Figure 5. Relationship between the maximum hardness of the nugget zone and revolutionary pitch 
(a), minimum hardness of the heat-affected zone and revolutionary pitch (b) and size of the nugget 
zone and revolutionary pitch (c). 

The hardness and strength of the material were also significantly affected by the dis-
locations in the material, particularly their density and mobility [35]. During indentation 
tests, especially when small forces were applied, a significant increase in the hardness of 
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the material was observed. This is because applied strains resulted in the formation of 
dislocations in the region under the indenter. Penetration of an indenter into material 
causes a local increase in dislocations. This phenomenon is referred to as the indentation 
size effect (ISE). During indentation, dislocations, called geometrically necessary disloca-
tions (GNDs), appear in the material. Their existence increases the flow stress and the 
measured hardness value. Their density is inversely proportional to the indentation depth 
(h), so this effect is particularly significant for small forces applied. With deeper penetra-
tion of an indenter, the steady state is reached, and the hardness depends only on statisti-
cally stored dislocations (SSDs). Geometrically necessary dislocations are necessary be-
cause they are introduced into the material to accommodate the shape of the indenter. The 
density of GNDs (𝜌 ) is derived from the complete line length k of the dislocation loops, 
which are required to create the shape of the indenter. Hence, they enable the necessary 
lattice rotations. The total length of the line is then divided by the semispherical volume 
V, which is a storage volume of GNDs with a contact radius ac. The geometry of the cross-
section of a sample during indentation is presented in Figure 6. In the picture, an angle 
between the surface of a sample and the indenter is defined as δ. For the Berkovich in-
denter, the value of this angle is equal to 24.7°. In the current considerations, the storage 
volume of GNDs is considered to be the plastically deformed volume under the indenter, 
instead of using the volume defined by the contact radius. As presented in Figure 6, the 
radius of the plastic zone is defined as apz, and f is a factor connecting ac with apz. For 
metallic materials, the plastic zone radius is assumed to be larger than the contact radius, 
so f > 1 [36]. In order to calculate the value of GNDs density (𝜌 ), the following formula 
can be used: 𝜌 = 32 ∙ 1𝑓 ∙ 𝑡𝑎𝑛 𝛿𝑏 ∙ ℎ  (1)

where b is a magnitude of the Burgers vector (for aluminum b = 0.286 nm). The maximum 
indenter displacement for plastic deformations h can be registered during indentation 
tests [37]. The calculated 𝜌  values are presented in Table 3. 

 
Figure 6. Cross-section of a sample during indentation tests. 

It can be assumed that for a Berkovich indenter, a hemispherical shape of the plasti-
cized zone can be observed. For soft metals, such as aluminum alloys, the volume of this 
zone significantly exceeds the volume defined by the contact radius. In the case of tests 
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on aluminum alloys using the Berkovich indenter, a factor f equal to 3 can be assumed 
[38].  

In addition to geometrically necessary dislocations and statistically stored disloca-
tions, the hardness of the material is also determined by the frictional stresses of the crystal 
lattice Hfr, and the hardening of the solid solution by dissolved alloy additives Hss. These 
correlations can be represented by the following equation: 𝐻 = 𝐻 +𝐻 +𝑀𝐶𝑎𝐺𝑏 𝜌 + 𝜌   (2)

Where M is a Taylor coefficient (here assumed to be equal to 3 [39]), C is a factor that 
transfers the complex stress state under the indenter into a uniaxial stress state (equal to 
3 in this case [38]), a is a factor that depends on the dislocation substructure, G is a trans-
verse elastic modulus of the test material and b is a magnitude of the Burgers vector. For 
both GNDs and SSDs, a value of factor a = 0.5 can be assumed because of the complex 
stress field in the area under the Berkovich indenter. For aluminum, the value of the Burg-
ers vector is equal to b = 0.286 nm, and the transverse elastic modulus G is equal to 26 GPa 
[40]. In this analysis, only dislocation hardening will be considered. Thus, equation (2) can 
be expressed as follows: 𝐻 = 𝑀𝐶𝑎𝐺𝑏 𝜌 + 𝜌  (3)

On the contrary, when the ISE is not considered, the relationship between macro-
scopic hardness H0 and SSD density (𝜌 ) is expressed by Taylor’s relation [41]: 𝐻 = 𝑀𝐶𝑎𝐺𝑏 𝜌  (4)

Considering the HISE hardness values obtained in the indentation tests, the maximum 
depth of indenter displacement h and the constants introduced earlier, the density of SSDs 
can be calculated from the relationship, shown as follows: ρSSD= 𝐻(𝑀𝐶𝑎𝐺𝑏) -𝜌  (5)

In order to calculate the dislocation mobility, the following Orowan equation was 
used [42]: 𝑑𝜀𝑑𝑡 = 𝜀 = 𝑏 ∙ 𝜌 ∙ 𝑣 (6)

where ε is strain and v is dislocation mobility. 
In order to calculate the strain derivative as a function of time, the stabilized fragment 

of creep during the indentation dwell time period at maximum force was approximated 
to a linear function. The calculations were performed for all the samples, in the exact areas 
of base materials AA5083 and AA6060, HAZ and TMAZ for both advancing and retreat-
ing sides and the weld nuggets. The exact measurement positions are presented in Figure 
4 with red dots. The results of the analysis are presented in Figure 7. Finally, the calcula-
tions on dislocation mobilities were performed using a converted Equation (6): 𝑣 = 𝜀𝑏 ∙ 𝜌  (7)

The results of the above calculations are presented in Table 3. Figure 7 presents hys-
teresis plots of load–depth for a single indentation in the distinguished zones of the sam-
ples produced with tool rotational speeds of 800, 1000 and 1200 RPM. Figure 8 shows the 
relationships between strain and time for the dwell period during the indentation tests in 
the base materials AA5083, AA6060, HAZ and TMAZ at both sides, and WN for the sam-
ples produced with 800 (a), 1000 (b) and 1200 RPM (c). The exact locations are indicated 
with red dots on the hardness profiles presented in Figure 4. 
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Figure 7. Hysteresis plots of load–depth for a single indentation in the base metals AA5083, AA6060, 
HAZ, TMAZ and WN, for the welds produced with tool rotational speeds of 800 RPM (a), 1000 RPM 
(b) and 1200 RPM (c). 

 
Figure 8. Strain versus time diagrams for the indentation dwell time period in the base metals 
AA5083, AA6060, HAZ, TMAZ and WN for the welds produced with tool rotational speeds of 800 
RPM (a), 1000 RPM (b) and 1200 RPM (c). 
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Table 3. Hardness, maximum indenter displacement, density of GNDs, density of SSDs and dislo-
cation mobilities for all of the tested samples in different zones. 

Sample HISE 
(GPa) hmax (µm) 𝝆𝑮𝑵𝑫 ( 𝟏𝒎𝟐) 𝝆𝒔𝒔𝒅 ( 𝟏𝒎𝟐) V (𝒎𝒔 ) 

-           AA5083 0.754 7.629 5.386 × 1012 6.679· × 1014 4.429 × 10−9 

- AA6060 1.103 6.283 6.540 × 1012 9.785 × 1014 2.844 × 10−9 

ω = 800 
RPM 

HAZ 
AA5083 

side 
0.881 7.226 5.687 × 1012 7.811 × 1014 4.082 × 10−9 

ω = 800 
RPM 

TMAZ 
AA5083 

side 
0.945 6.693 6.140 × 1012 8.378 × 1014 3.681 × 10−9 

ω = 800 
RPM WN 1.034 6.518 6.305·1012 9.171 × 1014 3.142 × 10−9 

ω = 800 
RPM 

TMAZ 
AA6060 

side 
0.896 7.143 5.753·1012 7.945 × 1014 4.137 × 10−9 

ω = 800 
RPM 

HAZ 
AA6060 

side 
0.687 8.356 4.918·1012 6.086 × 1014 6.142 × 10−9 

ω = 1000 
RPM 

HAZ 
AA5083 

side 
0.843 7.338 5.600·1012 7.124 × 1014 4.403 × 10−9 

ω = 1000 
RPM 

TMAZ 
AA5083 

side 
0.932 6.922 5.937·1012 8.264 × 1014 3.482 × 10−9 

ω = 1000 
RPM WN 1.060 6.503 6.319·1012 9.404 × 1014 3.090 × 10−9 

ω = 1000 
RPM 

TMAZ 
AA6060 

side 
0.883 7.219 5.692·1012 7.829 × 1014 4.095 × 10−9 

ω = 1000 
RPM 

HAZ 
AA6060 

side 
0.652 8.641 4.755·1012 5.775 × 1014 6.442 × 10−9 

ω = 1200 
RPM 

HAZ 
AA5083 

side 
0.845 7.333 5.604·1012 7.490 × 1014 4.015 × 10−9 

ω = 1200 
RPM 

TMAZ 
AA5083 

side 
0.943 6.910 5.947·1012 8.362 × 1014 3.487 × 10−9 

ω = 1200 
RPM WN 1.071 6.435 6.386·1012 9.501 × 1014 3.003 × 10−9 

ω = 1200 
RPM 

TMAZ 
AA6060 

side 
0.925 7.049 5.830·1012 8.203 × 1014 3.768 × 10−9 

ω = 1200 
RPM 

HAZ 
AA6060 

side 
0.632 8.742 4.700·1012 5.597 × 1014 7.009 × 10−9 

 
In the friction-stir-welded joints, the dislocation density results from strain and 

severe plastic deformations, as well as recrystallization in the WN [43,44]. The resulting 
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values of the dislocation density and mobility are influenced not only by process 
parameters, such as the rotational and traverse speed of the tool, the tilt angle and its 
geometry, but also by the properties of the parent materials. The amount of heat input, 
the process of plasticization of the material, its mixing, dissolution of strengthening 
precipitates and recrystallization, significantly affect the resulting joint properties.  

In all of the cases, the densities of geometrically necessary dislocations are signifi-
cantly lower than the densities of statistically stored dislocations, due to the relatively 
high applied measurement forces. It should be noted that the highest density of 
statistically stored dislocations can be observed in AA6060 base metal. Furthemore, the 
weld nugget zones of all the produced welds exhibit high SSD dislocation densities of 
9.171 × 1014, 9.404 × 1014 and 9.501 × 1014 m−2 for the welds produced with tool rotational 
speeds of 800, 1000 and 1200 RPM, respectively. Higher heat input during the FSW process 
from increased tool rotational speed resulted in the increase in dislocation densities 
observed in the nugget zones of the produced welds. Studies conducted thus far do not 
indicate a clear trend that determines the effect of the FSW process on dislocation densities 
and mobility. In a studies by Woo et al. [45], it was observed that the dynamic 
recrystallization zone after the FSW process of AA6061-T6 was characterized by a lower 
dislocation density than that of the parent material. On the contrary, in another study of 
Woo et al. [46], a higher dislocation density was found in the weld nugget zone compared 
to AA6061-T6 parent material. Yuzbekova et al. [47] observed a higher dislocation density 
in friction-stir-welded AA5024 aluminum alloy. Moreover, Laska et al. [38] found higher 
dislocation densities in dissimilar friction-stir-welded joints of AA6060/AA6082, 
compared to both parent materials. Ni et al. [48] noted a lower dislocation density in the 
weld nugget zone of friction-stir-welded SiCp/AA2009-T351 compared to the base 
material. This was explained by the dynamic recrystallization processes occurring in the 
weld nugget, and a low cooling rate after the process. The lowest dislocation density was 
observed in heat-affected zones from the side of the AA6060 alloy, for all the produced 
welds. Similarly, in the study by Ni et al. [48], in the HAZ of the SiCp/AA2009-T351 
FSWed joint, a significant decrease in dislocation density was noted through TEM 
observations. The reduction in dislocation density in the heat-affected zone is a result of 
the release of dislocations during the FSW thermal cycle [48]. 

By analyzing the dwell time of indentation studies, it is possible to determine the 
mobility of dislocations. In the above study, the lowest dislocation mobilities were 
observed in the AA6060 parent material and weld nugget zones. In contrast, the highest 
mobilities were registered in the HAZ zones of all welds on the retreating side of the 
AA6060 parent material. The calculated mobilities were equal to 6.142 × 10−9, 6.442 × 10−9 
and 7.009 × 10−9  for the welds produced with tool rotational speeds equal to 800, 100 and 
1200 RPM, respectively. Compared to both parent materials, the calculated values were 
equal to 4.429 × 10−9 and 2.844 × 10−9  for AA5083 and AA6060, respectively; the increase 
in the mobility was noticeable. It is also worth noting that by increasing the tool rotational 
speed, and consequently the heat input, the dislocations became characterized by higher 
mobility. According to Taylor and Orowan's theory, materials that are characterized by 
lower dislocation densities and high dislocation mobilities tend to exhibit lower strength 
[38]. Therefore, the reduction in hardness in the HAZ zones on the AA6060 side is also 
influenced by the high-mobility dislocations present in the material. The results of SSD 
density and dislocation mobility calculations are shown in the graphs of Figure 9. 
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(a) 

 

(b) 

Figure 9. Density of SSDs (a) and dislocation mobilities (b) for all of the tested samples in different 
zones. 

Functional properties, in addition to the strength of welded components, are signifi-
cantly affected by the corrosion resistance of the material. It is of particular importance in 
the case of structures that are used in corrosive environments. It should be also noted that 
in the case of even occasional contact with corrosive environments, small corrosion losses 
can significantly affect the strength of the structure. Figure 10 presents the open circuit 
potential (OCP) measurements (Figure 10a) and potentiodynamic polarization curves for 
the produced samples (Figure 10b) that were subjected to tests in 3.5 wt% NaCl solution. 
The OCP measurements preceded the potentiodynamic test, and were performed for 60 
min, to reach stability. Potentiodynamic curves recorded in the study were subjected to 
the Tafel extrapolation. Based on the obtained data, the values of corrosive potential (Ecorr) 
and corrosion current density (icorr) were collected. Table 4 presents the results of the po-
tentiodynamic studies. 
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Figure 10. Open circuit potentials (OCP) (a) and potentiodynamic polarization curves (b) for all the 
tested samples in 3.5 wt% NaCl solution. 

Table 4. Open circuit potentials (OCP), corrosion potentials (Ecorr) and corrosion current densities 
(icorr) for the tested samples. 

Sample ω = 800 RPM ω = 1000 RPM ω = 1200 RPM AA5083 AA6060 
OCP (V) −0.697 ± 0.039 −0.694 ± 0.039 −0.679 ± 0.007 −0.661 ± 0.017 −0.738 ± 0.013 
Ecorr (V) −1.328 ± 0.015 −1.312 ± 0.014 −1.299 ± 0.015 −1.356 ± 0.009 −1.196 ± 0.001 

icorr (µA·cm−2) 8.075 ± 0.182 7.592 ± 0.442 6.935 ± 0.199 4.506 ± 0.278 9.047 ± 0.768 
 
The corrosion potential shifted from the minimum value of −0.738 ± 0.013 V for the 

base metal AA6060, to 0.661 ± 0.017 V for the base metal AA5083. The corrosion potential 
for all the welded samples adopted values that were between both parent materials. The 
results of the conducted experiments indicate that the AA5083 parent material exhibited 
the highest corrosion resistance. In this case, the corrosion current density was equal to 
4.506 ± 0.278 µA·cm−2. The lowest corrosion resistance and the highest corrosion current 
density of 9.047 ± 0.768 µA·cm-2 were from the AA6060 alloy. In general, aluminum alloys 
in both 5XXX and 6XXX series exhibited good corrosion resistance. Alloys in series 5XXX 
are so-called seawater-resistant alloys, and are characterized by excellent electrochemical 
properties [49]. Sukiman et al. [50] also registered better corrosion resistance for AA5083 
when compared to the AA6060 alloy. All of the welds displayed a corrosion resistance 
that was greater than that of alloy AA6060, but less than that of alloy AA6082. In a study 
by Kartsonakis et al. [51], it was demonstrated that the friction-stir welding process re-
sulted in the production of dissimilar AA5083/AA6082 joints that were characterized by a 
corrosion resistance that was between both parent materials. Furthermore, the corrosion 
resistance of the AA5083 alloy was higher than that of the AA6XXX series alloy. Several 
scientific investigations indicated that the FSW process itself improves the corrosion re-
sistance of welds. Qin et al. [52] revealed that the FSWed joints of 2A14 aluminum alloy 
were more resistant to corrosion processes in exfoliation corrosion solution. In the study 
of Zucchi et al. [53], it was observed that the FSWed joint of AA5083 was more resistant 
to exfoliation corrosion than its base metal. On the contrary, Maggiolino et al. [54] found 
no significant differences between the corrosion resistance of AA6060 alloy and its fric-
tion-stir-welded joint. 

In the present study, the values of corrosion current density were equal to 8.075 ± 
0.182, 7.592 ± 0.442 and 6.935 ± 0.199 µA·cm−2 for the welds produced with tool rotational 
speeds of 800, 1000 and 1200 RPM, respectively. These observations are also presented in 
Figure 11. It is clearly visible that by increasing the revolutionary pitch, the corrosion cur-
rent density decreases. This means that by increasing heat input, better corrosion proper-
ties of the weld may result. Important factors that affect the corrosion resistance of metals 
are grain size and distribution of precipitates. Microstructure serves an important role in 
the formation of a passive oxide layer on the metal surface that provides protection against 
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corrosion. A finer grain microstructure is characterized by a more reactive surface, thus 
formation of the oxide layer progresses more easily. Due to that fact, the corrosion rate of 
aluminum in NaCl solution has a tendency to decrease as the grain size decreases [55]. 
Song et al. [56] noted that when the finer grains are observed for pure aluminum, the 
resistance to pitting corrosion increases as a result of the denser oxide layer on the surface. 
The recrystallization processes that occur in the weld nugget provide refinement of the 
grains, as well as more uniform precipitate distributions, which also improves the corro-
sion resistance of the weld. Higher input heat results in more effective recrystallization; 
thus, the finer the microstructure, and better the corrosion resistance.  

 
Figure 11. The relationship between corrosion current density (icorr) and revolutionary pitch for the 
produced welds. 

Figure 12 depicts the scanning electron microscopy images of the surface of the 
welded samples, and both base materials, after corrosion tests. For welded samples, the 
characteristic geometry of the surface of the nugget, resulting from simultaneous tool trav-
erse and rotational motions, is noticeable. For these samples, no significant differences 
were found based on SEM observations. Thus, it is not possible to determine the effect of 
process parameters on the corrosion resistance of welds, on the basis of microscopic ob-
servations alone. However, it should be noted that differences in corrosion resistance can 
be found in the samples of the native materials, which did not undergo thermomechanical 
processes. The corrosion losses on the AA6060 alloy (Figure 12b) are larger. In the case of 
the parent material AA5083 (Figure 12a), the area unaffected by corrosion processes was 
larger, so the corrosion resistance of this alloy in 3.5 wt% NaCl solution is greater. Alt-
hough scanning electron microscope observations do not allow quantitative evaluations 
of the corrosion resistance of welds, the results obtained are consistent with Tafel's extrap-
olation results. A qualitative evaluation of the obtained images confirms that the AA5083 
alloy has the highest corrosion resistance. Alloy AA6060 experienced high corrosion 
losses, while the produced welds showed moderate corrosion resistance. In their case, 
corrosion losses that were observed on the surface were higher than those of the AA5083 
parent material, and lower than those of the AA6060 parent material. This is confirmed 
by the results of the potentiodynamic tests and Tafel extrapolations. 
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Figure 12. SEM images illustrating the surfaces of the samples after electrochemical tests on the base 
materials AA5083 (a), AA6060 (b), and the welds produced with tool rotational speeds of 800 RPM 
(c), 1000 RPM (d) and 1200 RPM (e). 

4. Conclusions 
The friction-stir-welding process was applied to produce dissimilar butt welds with 

AA5083 and AA6060 aluminum alloys. Different tool rotational speed values were used 
(800, 1000, 1200 RPM), with a constant tool traverse speed (100 mm/min) and tool tilt angle 
(2°). The studies were conducted to evaluate the microstructure, hardness, dislocation 
density and mobility, as well as corrosion resistance, of the resulting welds. The following 
conclusions can be drawn from this study: 
1. The use of a hexagonal tool with grooves, along with the selection of the above process 

parameters, yielded sound welds that were characterized by an absence of surface 
defects. The typical microstructure characterized by zones of HAZ, TMAZ and fine-
grained WN was revealed. 

2. Hardness measurements were taken on cross sections of the joints using indentation 
tests. A reduction in hardness values was observed in the heat-affected zones on the 
AA6060 alloy side of the produced welds. The lowest hardness was noted for the HAZ 
of the weld that was produced with a tool rotational speed of 1200 RPM, and was 
equal to 0.64 GPa. In addition, it was observed that the maximum hardness of the 
nugget zone increased with increasing tool rotational speed. This is explained by a 
more efficient recrystallization process occurring as a result of higher heat input. The 
highest hardness of the WN zone was observed for the weld that was produced with 
the highest tool rotational speed of 1200 RPM, and was equal to 1.07 GPa. 

3. Based on the results of the indentation tests, in particular, the dwell time period, the 
densities and mobilities of dislocations in the individual zones of weld cross sections 
were calculated. The lowest dislocation density of 5.597 × 1014 m-2, with the highest 
mobility of 7.009 × 10−9 , was observed in the heat-affected zones on the AA6060 side 
of the resulting welds, which may explain the significant strength reduction in this 
zone. 

4. The conducted potentiodynamic tests in 3.5 wt% NaCl revealed that the AA5083 base 
material was characterized by the highest corrosion resistance, and the corrosion cur-
rent density was equal to 4.506 ± 0.278 µA·cm−2. The highest corrosion current density 
9.047 ± 0.768 µA·cm−2 was noted for the base metal AA6060. The corrosion current 
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densities for all welded samples yielded average values that fell between both parent 
materials. By increasing the tool rotational speed, there was higher heat input. This 
resulted in more effective recrystallization, and better corrosion resistance of the 
welds. 
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