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Abstract

:

The friction stir welding method is increasingly attracting interest in the railway sector due to its environmental friendliness, low cost, and ease of producing high-quality joints. Using aluminum alloys reduces the weight of structures, increasing their payload and reducing fuel consumption and running costs. The following paper presents studies on the microstructure, strength, and corrosion resistance of AA6082 aluminum alloy sheets joined via friction stir welding. The sheets were joined by employing two different traverse speeds (200 and 250 mm/min), two different rotational speeds (1000 and 1250 rpm), and two different tool tilt angles (0° and 2°). It was observed that the use of the inclined tool provides finer microstructure in the nugget zone, higher value of microhardness, and better corrosion resistance, compared to the tilt angle equal to 0°. By increasing the value of revolutionary pitch, finer grains are observed in the nugget zone and the measured hardness is higher. It was also observed that the change in process parameters strongly influences the radius of the nugget zone and the potentiodynamic properties of the friction stir-welded material. The joints produced with the tool tilt angle equal to 2°, the tool traverse speed of 200 mm/min, and its rotational speed of 1250 rpm revealed the highest hardness in the nugget zone (about 92% of the base material). Moreover, the finest grain size in the nugget with the average value of 9.8 ± 1.5 µm was found. The lowest corrosion current density equal to 16.029 µA cm−2 was noted for the sample with the highest strength, which also provides its good corrosion resistance.
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1. Introduction


Friction stir welding (FSW) is a solid-state joining technique developed three decades ago at The Welding Institute of the United Kingdom [1]. During the process, a specially designed non-consumable tool, consisting of a pin and a shoulder rotates and moves along the weld line, while inserted between the contact line of two sheets to be joined. The friction generated by the contact of the rotating shoulder with the component surface generates intense heating always well below the melting point of the joined materials [2]. As the solid-state nature of the process is retained, the maximum temperature can approach up to 0.95 of the melting temperature TM, depending on the process parameters, tool geometry, and material to be friction stir welded [3,4]. The plasticized material undergoes severe plastic deformations and its flow around the pin produces complex patterns from the advancing side, where the rotational direction and the welding direction are the same, to the retreating side, where the directions are opposite. Generally, FSW does not produce symmetric deformation with respect to the center line of the advancing tool. When a clockwise direction rotation is employed the less resistant area is the one on the advancing side of the tool [5].



Aluminum alloys, belonging to the 6xxx series, are among the most employed materials for transportation, aerospace, and marine industries. They are characterized by silicon and magnesium elements added to induce intense second phases precipitation during thermo-mechanical treatments [6,7,8]. Owing to their stiffness, aluminum alloys can reduce the weight of structures by up to three times compared to steel structures. This aspect is crucial in transportation applications [9,10]. Using aluminum in train carriage bodies reduces the weight and energy amount that is needed to accelerate and deaccelerate them. Owing to this feature, the payload of vehicles can be increased, which leads to reduced fuel consumption and lower machine running costs [11]. According to The Welding Institute of the United Kingdom, there is an increasing number of railway sector companies applying the FSW method in the vehicle constructions. Many international companies leading the rail industry use the FSW method to create many series of trains and vehicles serving subway lines around the world [12].



6082 aluminum alloy has the highest strength of 6000 series in plate form [13,14,15]. It shows excellent machinability, good welding performances, and high corrosion resistance [16]. AA6082 alloy is widely used in the high-speed train industry, such as profiles and carriage components [17,18]. Conventional welding methods might lead to the formation of defects due to the change of state, such as poor solidification and porosity in the nugget zone. FSW allows to improve the weld quality and is widely used in joining AA6082 alloy [19,20,21,22]. Fewer scientific evidence are present in the literature on the effect of processing parameters on the electrochemical behavior of friction stir-welded AA6082 sheets. Gharavi et al. [23] investigated the electrochemical properties of AA6061-T6 alloy butt welds. It was revealed that the friction stir welds produced with the tool traverse speed of 60 mm/min, tool rotational speed equal to 1000 rpm, and tool tilt angle of 3° showed lower electrochemical properties in 3.5 (wt)% NaCl solution compared to the base material. The intergranular corrosion type was dominant, with a small number of pits observed on the weld surface. On the other hand, Padovani et al. [24] noted that the pitting corrosion occurs on the friction stir welds and the base materials of AA2024 T351 and AA7449-T7951, but the weld region exhibited higher susceptibility to corrosion losses compared to the base material after the exposure to 0.1 M NaCl solution. In the studies of Ales et al. [25] the AA2024-T4 butt weld was produced with a tool traverse speed of 100 mm/min, tool rotational speed of 1000 rpm, and tool tilt angle 2°. It was noted that the most serious corrosion losses occurred in the weld nugget zone while exposed to 3.5 (wt)% NaCl solution. In the studies, also the finest microstructure of the nugget zone was found, and a significant drop of the hardness in the thermo-mechanically affected zone was noted. No influence of the process parameters on the properties of the joints was investigated.



As general behavior, tool shoulder and pin geometries and types have a large influence on the microstructural and mechanical properties of FSWed joints [26]. In [27], Rambabu et al. developed a mathematical model for a friction stir-welded AA2219 aluminum alloy sample immersed in 3.5 (wt)% NaCl solution. The influence of process parameters on the electrochemical properties of the samples was investigated. It was revealed that the shape of the pin has also a crucial effect on the friction stir-welded structure and the corrosion properties. The best quality was attained with a hexagonal pin shape. For a hexagonal pin shape, the highest hardness was noted for AA6082-T6 friction stir welds, produced with different welding speed values by Patil et al. [28]. This is generally due to the fact that, by employing such a hexagonal shape, it is demonstrated that the material mixing is optimized during welding. This is mainly due to the phenomenon of reprecipitation because of the increased heating due to the complex geometry [29].



The purpose of this study was to analyze the effect of friction stir welding parameters such as tool traverse speed, tool rotational speed and its tilt angle on microstructure, hardness and electrochemical properties of AA6082 friction stir welds by employing a special designed hexagonal pin tool.




2. Materials and Methods


Base material AA6082 aluminum alloy, solution heat-treated and artificially aged to T651 condition, was used for the above studies. The chemical composition of the chosen alloy was determined by the X-ray energy-dispersive spectrometer (EDS) (Edax Inc., Mahwah, NJ, USA) and is shown in Table 1.



About 3-mm-thick plates were used to perform the friction stir welding process on a conventional milling machine (FU251, Friedrich Engels Kazanluk, Bulgaria). Figure 1 depicts the tool adopted for studies. The tool of 18 mm shoulder diameter, with the distance across flats of the hexagonal pin was equal to 6 mm and the pin length equal to 2.5 mm was used to produce the butt welds. The shoulder plunge depth was equal to 0.3 mm. The hexagonal pin with grooves was made of 73MoV52 steel and the shoulder material was X210Cr12 steel. The measured hardness of the pin and the shoulder were equal to 58 and 61 HRC (Wilson Mechanical Instrument Co. Inc., New York, NY, USA), respectively. Based on an extensive literature review, published in [2], the following process parameters were selected for the studies: the FSW process was performed at two different travel speeds: 200 and 250 mm/min, two different rotational speeds: 1000 and 1250 rpm, and two different tilt angles: 0° and 2°. The tilt direction of the tool was opposite to the direction of its traverse motion. The designation of the samples is shown in Table 2. The revolutionary pitch values, defined as the tool rotational speed divided by the tool traverse speed, are also presented in Table 2.



To determine the microstructure of the produced friction stir welds, the samples were wet ground to the final gradation #4000 and polished with a 1 μm diamond suspension. The microstructure was analyzed by employing Keller’s etchant (95 mL H2O, 2.5 mL HNO3, 1.5 mL HCl, 1 mL HF). For microstructure observations the double-staged etching in Weck’s etchant was performed. At the first stage, the samples were etched in a solution of 2 (wt)% NaOH for 1 min. Then, the samples were immersed in a reagent containing 4 g KMnO4, 1 g NaOH, and 100 mL H2O. The microstructure of the samples was observed by an optical microscope (BX51, OLYMPUS, Tokyo, Japan). To calculate the average grain size in the nugget zone, ten measurements were performed. The microhardness measurements were performed using a Vickers microhardness tester (Future-Tech FM-800, Tokyo, Japan) with the load of 2 N. Figure 2 presents the locations of the microhardness measurements on the cross-sections of all the samples.



Electrochemical measurements were performed according to the ASTM G5-94 “Standard reference test method for making potentiostatic and potentiodynamic anodic polarization measurements”. Potentiostat/galvanostat (Atlas 0531, Atlas Sollich, Rębiechowo, Poland) was used for the tests in 3.5 (wt)% NaCl (99.8% purity, CHEMPUR, Piekary Śląskie, Poland) solution at the controlled temperature of 20 °C. Samples of the area of 1 cm2 taken from the nugget zone and AA6082 as received material were studied. A three-electrode system containing a platinum electrode as a counter electrode, a saturated calomel electrode as a reference, and an aluminum sample as a working electrode was used. The open circuit potential (OCP) within 60 min initiated the measurements. The potentiodynamic method was used to obtain the corrosion curves for the potential range −2/+1 V with a potential scan rate equal to 1 mV/s. To determine the values of the corrosive potential (Ecorr) and the corrosion current density (icorr) the Tafel extrapolation method was adopted using AtlasLab (Atlas Sollich, Rębiechowo, Poland) software (ATLAS 0532 Electrochemical unit and Impedance Analyser). After the corrosion studies the surfaces of all the friction stir-welded samples and the base material were observed using a high resolution scanning electron microscope (SEM) (Phenom XL, Thermo Fisher Scientific, Breda, Netherlands) with a backscattered electron detector (BSE).




3. Results and Discussion


The results of visual testing of the produced friction stir welds are presented in Figure 3. The pictures present the area containing the exact nugget zone cutout location for electrochemical testing. It was observed that the top surfaces exhibit no serious imperfections like grooves or lack of bonding. A very little material outflow on the retreating side was noticed on samples FSW1–FSW4 (Figure 3a–d). No visible differences were detected on the top surface of all the produced friction stir welds.



The macro and microstructure of one, representative friction stir weld (FSW7) is shown in Figure 4. The macroscopic evaluation (Figure 4a) allowed to observe the characteristic shape of the nugget zone, resulting from the movement of the pin between the sheets. The microscopic observations provided more information regarding the microstructure of the friction stir welds. Four characteristic zones for FSWs were recognized. Microstructure evolution during the process depends on the temperature and strain endured by welded material. High temperature changes, observed in the weld nugget zone (WN), as well as thermo-mechanically affected zone (TMAZ) and heat-affected zone (HAZ) result in characteristic microstructures. The weld nugget zone, where the plastic deformation and temperature are the highest is characterized by the finest structure, due to the dynamic recrystallization process. Figure 4b presents the nugget zone microstructure of the FSW 7 sample. Process parameters such as traverse and rotational speed and tool tilt angle have a significant influence on the final microstructure, due to the different heat input. The average grain sizes in the WN zone for all samples tested are shown in Table 3. A thermo-mechanically affected zone (Figure 4c) also experiences high temperature and mechanical deformation due to the movement of the pin, but no recrystallization is observed. The heat affected zone (Figure 4d) is only affected by thermal evolution, and with increasing the distance from the nugget zone, the base metal (BM) is retrieved (Figure 4e). In the base metal the observed elongated grains are the result of the sheet preparation process by rolling.



Figure 5 presents the relationship between the average grain size in the nugget zone of all the tested samples and the revolutionary pitch. It can be clearly observed that with increasing the revolutionary pitch, the average grain size in the nugget zone is decreased, for both applied tool tilt angles. The increase of the revolutionary pitch results in the increased heat input, which provides finer microstructure in such friction stir welds. Moreover, the use of an inclined tool influences the microstructure of the nugget zone. In the case of the welds produced with the tool tilt angle equal to 2°, the average grain size was lower than for the samples produced with non-tilted tool, for all the revolutionary pitch values. There are plenty of papers considering the heat input in the context of the inclination of the tool during the FSW process. Dialami et al. [30] studied the effect of the tool tilt angle on the heat generation and the material flow. It was assumed that an inclined tool increases stresses and the temperature during the process as well as strengthens the material stirring and facilitates the material flow behind the tool. Krishna et al. [31] observed that the heat input during the FSW process is not a uniform function of the tool tilt angle, but in general inclined function provides higher heat input and better plasticizing of the material to be welded. Analysis of Meshram et al. [32] shows that the tool tilt angle of 2° provides the highest temperature of both advancing and retreating sides of the friction stir weld and thus proper plasticizing, mixing, and recrystallization are achieved.



Figure 6 presents the Vickers microhardness profiles measured in different locations on the cross-sections of the friction stir welds. The microhardness of the base material was about 100 HV. Friction stir welding of precipitation hard-enable alloys, among them AA6082 aluminum alloy, results in the inhomogeneous hardness distribution leading to the formation of a softened area. The dissolution of the strengthening particles in the aluminum matrix and the decrease of the dislocation density causes the decrease of the hardness in the thermo-mechanically affected zone (TMAZ) and heat-affected zone (HAZ) [33,34,35]. In all the cases, the minimum hardness was observed in the heat-affected zone, while in the nugget zone a recovered hardness was noted. Due to the fine microstructure of the nugget zone, the increase in the hardness can be explained by the Hall-Petch relationship, which indicates the increase of the hardness as the grain size decreases [36]. The Hall-Petch equation can be expressed as:


  σ =  σ 0  +   kd   − 1 / 2    



(1)




where σ is the yield stress,    σ 0    is the resistance to the dislocation motion in the grain interior, k is a measure of the local stress needed to initiate plastic flow at grain boundaries, and d is a grain size [37]. In the case of the hardness, the Equation (1) can be presented as:


  H =  H 0  +     k ′  d    − 1 / 2    



(2)




where H is the hardness of the material, H0 and k′ are empirical constants [38]. The highest hardness of the nugget zone of about 92 HV was noted for FSW7 samples. Moreover, the smallest grain size was observed for this sample, which is in agreement with the Hall-Petch relationship.



The characteristic for the cross-sections of FSW joints hardness distribution is often reported in the case of aluminum alloys [39,40,41,42,43,44].



The summary of the main observations regarding the hardness profiles behavior is shown in Figure 7. It presents the correlation of the maximum hardness observed in the cross-sections of the nugget zone and the revolutionary pitch for the friction stir welds produced with the tool tilt angle of 0° (a) and 2° (b). In the case of 0° tool tilt angle, the observed values of hardness were lower than the ones observed in the case of the samples FSW5–FSW8. Clearly, in all the cases the lowest values were noted in the bottom of all the friction stir welds, while the highest were observed in the top of the samples. The top of the friction stir welds experienced the most significant heating due to the contact with the tool shoulder and the frictional heating, resulting in the finest microstructure and the highest microhardness. Among all the welds, the maximum hardness, reaching approximately 92% of the base material, was observed for the samples with the revolutionary pitch value equal to 6.25, for both applied the tool tilt angle values. As the revolutionary pitch increases, the heat input and the temperature during the process also increase. It can allow observing the most effective dynamic recrystallization. It can be also observed that for the samples produced with the highest revolutionary pitch the finest microstructure of the nugget zone was found. By decreasing the revolutionary pitch, the improper plastic flow might be observed and not sufficient dynamic recrystallization process can be noted. However, for further increase of the revolutionary pitch, the mixed material can be extremely softened and subjected to the grain growth, which would result in the significant decrease of the hardness in the nugget zone [45].



The radius of the nugget zone in the exact locations of the cross-sections of the friction stir welds as a function of the revolutionary pitch is presented in Figure 8. It can be clearly seen that in all the cases the highest values were observed in the top of the samples and the lowest in the bottom, which reflects the characteristic shape of the weld nugget [46,47,48]. It can be observed that with an increase of the revolutionary pitch, also the radius of the nugget zone increases. It is also attributed to the increase of the heat input during the process, as the revolutionary pitch is higher. In this case, the zone interested by the continuous dynamic recrystallization increases in dimensions and consequently the measured radius increases showing a larger zone of increased hardness with respect to TMAZ and HAZ.



Figure 9 presents the radius of the weld nugget in the function of the distance from the top of the friction stir weld for the samples with the revolutionary pitch equal to 4—FSW2 and FSW6 (for the tilt angle 0° and 2°, respectively) (a), and for the samples FSW3 and FSW7 (for the tilt angle 0° and 2°)—for the revolutionary pitch equal to 6.25 (b). These relationships clearly indicate that the use of an inclined tool increases the weld nugget zone for the entire cross-section of the specimen for both revolutionary pitch values analyzed. The same relationship was also observed for samples for which the revolutionary pitch value was 5. It can also be clearly noted that the radius of the weld nugget decreases with the increase of the distance from the top surface, which reflects the shape of the weld nugget.



Potentiodynamic studies are one of the basic tests to determine the properties of the produced friction stir welds. Their resistance to corrosion is of crucial importance not only in structures intended for marine vehicles, since even small corrosion losses caused by the influence of the environment may influence a significant decrease of the material strength. The potentiodynamic studies were initiated with the open circuit potential (OCP) measurements for 60 min. After the stability of OCP was achieved, all the samples exhibited similar values and further potentiodynamic studies were performed. Based on the Tafel extrapolation method on the obtained potentiodynamic curves, the corrosive potential (Ecorr) and the corrosion current density (icorr) values were collected. Table 4 contains the OCP, Ecorr, and icorr values for all the tested samples.



It can be observed that the corrosion potential shifts from the minimum of −0.686 V for AA6082 sample to the maximum of −0.648 V for FSW6 sample. It should be noted that an increase in corrosion potential occurred for all welded samples, with the group of samples joined at tool tilt angle 0° (FSW1–FSW4) recording a smaller shift value. The FSW5–FSW8 specimens produced at a tool tilt angle of 2° showed the greatest shift in corrosion potential toward positive values. The movement to more positive values indicates that the corrosion resistance of the friction stir-welded samples was improved. The highest corrosion current density, which means the lowest corrosion resistance, was observed on AA6082 base metal sample and the value was equal to 42.564 µA cm−2. Almost two times lower values of icorr were observed in the case of all the friction stir-welded samples, with the lowest value of 16.029 µA cm−2 for FSW7 sample. Improvement of the corrosion resistance due to the FSW process was also observed by Qin et al. [49]. The 2A14-T6 aluminum alloy friction stir welds after electrochemical measurements in ex-foliation corrosion solution performed greatly improved corrosion resistance. Zucchi et al. [50] studied the pitting and stress corrosion cracking resistance of FSW AA5083 joints in 3.5% NaCl + 0.3 g/l H2O2 and in ex-foliation solutions. In both cases, it was revealed that friction stir welds performed higher pitting and exfoliation corrosion resistance in comparison to the base material. The electrochemical studies on AA7022 FSW joints in Na2SO4 + dilute H2SO4 solution were performed by Wang et al. [51]. It was noted that the corrosion process in the base material was far greater than in the case of the friction stir welds under different process parameters. Monetta et al. [52] studied the corrosion resistance of AA6056 friction stir welds during the natural exposure in 3.5 (wt)% NaCl solution. It was revealed that the corrosion properties are strongly dependent on the process parameters. For relatively high welding speed, the pitting attack is more diffused and the pits penetration is less severe in the case of the nugget zone. For the FSW joints produced with lower welding speed the opposite observations were noted. The corrosion process was more pronounced within the nugget zone in comparison with the base material AA6056. In the studies of Padovani et al. [24] it was reported that FSW of AA2024 and AA7449 displayed greater susceptibility to pitting corrosion in the weld area after exposure to 0.1 M NaCl solution.



Figure 10a presents the potentiodynamic polarization curves for all the tested samples, while Figure 10b depicts the potentiodynamic polarization curves for the base material, FSW3 and FSW7, representing the friction stir welds with the lowest corrosion current density for the groups of the friction stir welds produced with the tilt angle of 0° and 2°, respectively.



It was observed that, in general, the friction stir welds produced with the tool tilt angle of 0° (FSW1–FSW4) exhibited higher icorr values compared to the welds produced with the same tool traverse speed and tool rotational speed, but with a tilt angle equal to 2°. These observations can be noted from the relationship of the corrosion current resistance as a function of revolutionary pitch presented in Figure 11. The trend line for the samples produced with the tilt angle of 0° remains above the trend line for the friction stir welds produced with the tilt angle equal to 2°. It can be also observed that with an increase of revolutionary pitch, the corrosion current density decreases, and the corrosion resistance increases. The corrosion susceptibility of the studied samples is highly influenced by their microstructure. Ralston et al. [53] reported that in a neutral NaCl environment, the corrosion rate has a tendency to decrease with a reduction of a grain size of pure aluminum. It was suggested that the fine grain microstructure might have more reactive surface to the formation of the protective oxide layer. Moreover, in the studies of Song et al. [54] it was revealed that by providing finer grained structure, the pitting resistance of pure Al is increased, which is attributed to a denser oxide film on the surface of the samples. It should be also noted that FSW process changes not only the microstructure of the friction stir welds, but also has an influence on residual stresses and precipitation distribution, which may have an impact on electrochemical response as well.



Figure 12 presents the surfaces of the selected samples—FSW3, FSW7, and the base material AA6082. It can be observed that the base material (Figure 12c), thermally and mechanically unaffected during the movement of the tool exhibits the most serious corrosion losses on the surface. In Figure 12a,b, the characteristic shape of the top surface of the weld nugget is visible. A stepped structure is an effect of simultaneous rotation and traverse movement of a tool. It is observed that more significant corrosion losses are located on the top zone of the stepped surface. It can be explained by the corrosion propagation location at the edges of this structure. The passive layer at this location experiences a triaxial stress state, thus facilitating its delamination and corrosion propagation. A significant surface porosity can be observed on the surface of FSW3 sample. SEM images indicate that the lowest corrosion degradation can be observed on the sample FSW7, produced with a tool tilt angle of 2 and with the revolutionary pitch equal to 6.25. Although microscopic observations do not allow quantification of the amount of corrosion loss, a significantly higher degradation of the AA6082 base material was observed compared to all friction stir welds produced. Furthermore, it was noted that the samples produced at the tilt angle of 2° (FSW5–FSW8) exhibited less intense material degradation, which agrees with the results of the electrochemical tests where these samples were characterized by lower corrosion current density values.




4. Conclusions


The above studies were conducted to investigate the microstructure, hardness, and electrochemical properties of friction stir-welded AA6082. For this purpose, two different rotational speeds (1000 and 1250 rpm), two different traverse speeds (200 and 250 mm/min), and two different tool tilt angles (0° and 2°) were used. The obtained results allowed to draw the following conclusions:




	
Process parameters such as: tool traverse speed, tool traverse speed, and tool tilt angle have an influence on the grain size of the nugget zone. Using a non-inclined tool results in a larger average grain size in the weld nugget zone (12.8–17.3 µm) than when using a tool tilt angle of 2° (9.8–15.9 µm). Furthermore, the average grain size decreases with an increase of a revolutionary pitch due to the increased heat input. The smallest grain size equal to 9.8 ± 1.5 µm was noted for a friction stir weld produced with a tool tilt angle 2°, tool traverse speed 200 mm/min, and tool rotational speed 1250 rpm.



	
The hardness measurements on the cross-sections of the friction stir welds revealed that higher hardness of the nugget zone was observed in the friction stir welds produced with an inclined tool. As the revolutionary pitch increases, the maximum hardness also increases in all the cases. The maximum hardness reached 92% of the hardness of the base material for the sample produced with the revolutionary pitch equal to 6.25 and tool tilt angle 2°. It was observed that with an increase of the revolutionary pitch, the radius of the nugget zone also increases.



	
Potentiodynamic studies showed that the friction stir welding process improves corrosion properties of AA6082 welds in 3.5 (wt)% NaCl solution. Using a tool tilt angle equal to 2° provided lower corrosion current density in the conducted tests The best resistance (16.029 ± 0.801 µA cm−2) was observed for the friction stir weld produced with the highest revolutionary pitch.
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Figure 1. Schematic illustration of the geometry of the tool used for FSW of AA6082 (a) with its dimensions (b). 
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Figure 2. Hardness measurement locations on the cross-sections of the friction stir-welded samples. 
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Figure 3. Top view of the friction stir welds surface—FSW1 (a), FSW2 (b), FSW3 (c), FSW4 (d), FSW5 (e), FSW6 (f), FSW7 (g) and FSW8 (h). 
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Figure 4. Macrostructure of FSW7 sample with the locations of microscopic observations (a) and its microstructures observed in the nugget zone (b), thermo-mechanically affected zone (c), heat-affected zone (d), and the microstructure of the base metal (e). 






Figure 4. Macrostructure of FSW7 sample with the locations of microscopic observations (a) and its microstructures observed in the nugget zone (b), thermo-mechanically affected zone (c), heat-affected zone (d), and the microstructure of the base metal (e).



[image: Metals 12 00192 g004]







[image: Metals 12 00192 g005 550] 





Figure 5. Average grain size in the nugget zone as a function of revolutionary pitch. 
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Figure 6. Microhardness profiles of the studied joints in the top, middle and bottom of the cross-sections—FSW1 (a), FSW2 (b), FSW3 (c), FSW4 (d), FSW5 (e), FSW6 (f), FSW7 (g), FSW8 (h). 
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Figure 7. Maximum hardness of the nugget zone as a function of the revolutionary pitch—relationship for the friction stir welds produced with the tilt angle 0° (a) and 2° (b). 
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Figure 8. Radius of the nugget zone as a function of revolutionary pitch—relationship for the friction stir welds produced with the tilt angle 0° (a) and 2° (b). 
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Figure 9. Radius of the weld nugget as a function of the distance from the top of the friction stir welds for the samples with the revolutionary pitch of 4 (a) and 6.25 (b). 
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Figure 10. Potentiodynamic polarization curves for all the tested samples (a) and for AA6082 aluminum alloy, the FSW3 and FSW7 samples (b). 
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Figure 11. The relationship between corrosion current density and revolutionary pitch for all the tested samples. 
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Figure 12. SEM images of the surface of the weld nugget of FSW3 (a), FSW7 (b) and AA6082 base material (c). 
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Table 1. Chemical composition of AA6082.
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Chemical Composition [wt%]




	

	
Zn

	
Mg

	
Cr

	
Ti

	
Fe

	
Si

	
Cu

	
Mn

	
Al






	
AA6082

	
0.20

	
1.03

	
0.25

	
0.10

	
0.50

	
0.90

	
0.10

	
0.42

	
Balance
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Table 2. Designation of the samples, corresponding process parameters and revolutionary pitch values.
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	Sample
	Tool Rotational Speed [rpm]
	Tool Travel Speed [mm/min]
	Tool Tilt Angle [°]
	Revolutionary Pitch [rot/min]





	FSW1
	1000
	200
	0
	5



	FSW2
	1000
	250
	0
	4



	FSW3
	1250
	200
	0
	6.25



	FSW4
	1250
	250
	0
	5



	FSW5
	1000
	200
	2
	5



	FSW6
	1000
	250
	2
	4



	FSW7
	1250
	200
	2
	6.25



	FSW8
	1250
	250
	2
	5
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Table 3. Grain size in the nugget zone of all the produced friction stir welds.
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	FSW1
	FSW2
	FSW3
	FSW4
	FSW5
	FSW6
	FSW7
	FSW8





	Grain Size in the Weld Nugget [µm]
	13.5 ± 2.1
	17.3 ± 1.5
	12.8 ± 1.5
	14.9 ± 1.1
	10.3 ± 1.8
	15.9 ± 2.0
	9.8 ± 1.5
	12.7 ± 1.2
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Table 4. Open circuit potential (OCP), corrosion potential (Ecorr), and current density (icorr) for the produced samples.
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	FSW1
	FSW2
	FSW3
	FSW4
	FSW5
	FSW6
	FSW7
	FSW8
	AA6082





	OCP [V]
	−0.713 ± 0.036
	−0.712 ± 0.036
	−0.724 ± 0.036
	−0.714 ± 0.036
	−0.710 ± 0.035
	−0.712 ± 0.036
	−0.691 ± 0.035
	−0.709 ± 0.035
	−0.716 ± 0.036



	Ecorr [V]
	−0.682 ± 0.034
	−0.680 ± 0.034
	−0.684 ± 0.034
	−0.676 ± 0.034
	−0.654 ± 0.033
	−0.648 ± 0.032
	−0.649 ± 0.032
	−0.659 ± 0.033
	−0.686 ± 0.034



	icorr [µA·cm-2]
	22.898 ± 1.145
	23.907 ± 1.195
	17.303 ± 0.865
	20.809 ± 1.040
	19.208 ± 0.960
	19.128 ± 0.956
	16.029 ± 0.801
	18.895 ± 0.945
	42.564 ± 2.128
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Maximum hardness [HV]

o b)
. £
§ i
. £

2
¢ 2.
o £
5. 2.

Revolutionary pitch [rot/min)

Revolutionary pitch [rovmin]





media/file4.png





media/file18.png
Q)

Radius of the weld nugget [m] ~—

—
.
I J

m tilt 0°
_ A tilt 2°

— —_—
oo o [y
1 1 L | i 1 1
S

)]
'l l.

4 A

00 05 10 15 20 25 30
Distance from the top of the weld [mm]

b)

Radius of the weld nugget [mm]

" a tilt 0°
2y . A tilt 2°
10- .

) A
84 A -
6—- A
i

00 05 10 15 20 25 30
Distance from the top of the weld [mm]





media/file21.jpg
icorr [nAxem™2]

45

40

35

30

25

204

15

40 45 50 55 60
Revolutionary pitch [rot/mm]

65





media/file3.jpg





media/file22.png
icorr [WAxem™2]

Y
83}
J

e AABOB2
40
35-
30 -

B - ilit 0°
2 e - tilt 2°

"'--.‘___‘ﬁ: ...... _base

e e Sm T

< T T Ceeseme, ::‘::
15+ ol

35 40 45 50 55 60 65
Revolutionary pitch [rot/mm]





media/file19.jpg
g

Log [Current density [Alcm

Log |Current density [A/em?]|

15

Potential [V]

——FSW3.
—Fsw7
— AAgOB2

40 ©5 oo 05 10
Potential [V]





media/file7.jpg





media/file10.png
Grain size in the weld nugget [um]

20 - -~ tilit 0°
- - tilt 2°

184

16|

14 l

125 e,

10- ¥

8 | I I I | “‘l
35 40 45 50 55 60 65

Revolutionary pitch [rot/min]





media/file14.png
Maximum hardness [HV]

(o)}
w

~J o oo w
w o ()] o
l 'l I 1 ] 'l l 1

-.4
o
1 L

N
>
P
g
.—-'-.-’_ --
| ] e aad .-"--..
-
- A g .
-—’- __,-'-
‘..—"' --—"-
-— - '__-.-"
=
-
"
—
-
—
-
-
-
-
F:
= gz
e”
-
-
2
-
-
_
-F'.p’
-=-top
;
- - middle
- - bottom

45 50 55 60 65
Revolutionary pitch [rot/min]

Maximum hardness [HV]

95 -

90 -

85

-__.___.--."-.-
e TN
------------- ]
-------- i
_—"-l.".
. ".-.".‘.___-
P -=-top
- - middle
- &- bottom

80

45 50 55 60 65
Revolutionary pitch [rot/min]





media/file11.jpg





media/file6.png





media/file15.jpg
Radius [mm]

b) .,
W
s
_n
o
£
5.
37

“e - middle

$ e

: e

I

5 50 85 60
Revolutionary pitch [rot/min]

g

W5 5o 55 60 68
Revolutionary pitch [rot/min]





nav.xhtml


  metals-12-00192


  
    		
      metals-12-00192
    


  




  





media/file16.png
Radius [mm]

_.—'-.
i
= -
==
.—-'F'
_-‘- -".
- e
_-'- .—.-"
-
o - ® _ - B
n-- | i
— -
--"-.'
-
..-"-.
-
-
-
ik
r-'-
_ - -
-
o
B S
&
—
-‘.-l'
-- N
--i.
»
- -2-1t0
2
.
- - middle
- - bottom

45 50 55 60 65
Revolutionary pitch [rot/min]

Radius [mm]

I TR S S N

_______ | I—
_________ .I._ i
------- B --
o R g-===

- - top

- - middle

- - bottom

45 50 55 60 65
Revolutionary pitch [rot/min]





media/file2.png
{ Sk3kgkat






media/file20.png
b)

&
§ -1 --
[ - _2_|
. — FSW8
2 -3 —— FSW7
Q 1 — FSWB
= “t —FSW5
O 5. -~ FSw4
S —— FSW3
O -6- —— FSW2
i —— FSW1
i —— AAB082
— : T X T Y | ' T ' T Y 1
20 -15 10 -05 00 05 1.0

Potential [V]

6. —— FSW3
_ — FSW7
P — AABOB2Z

Log |Current density [Afcm21|

20 15 -10 05 00 05 1.0
Potential [V]





media/file23.jpg





media/file5.jpg





media/file24.png
#
£
]
]
»
4

i






media/file1.jpg
b)

~3hakakar






media/file12.png
Q)
S

IP—- Microhardness [HV] -Q- Microhardness [HV]

Microhardness [HV]

.-

Microhardness [HV]

105 - . .
- Retreating Advancing
100 - : .
| e side side "
ol % £
904 Wes
1 ] : L] 3
o] Ry NS& F
= ) %734 3 %/
5] WY | MR &N
| 9 ‘ ® A |'|I_' ||
70 4 o | A sy
65_‘ Al..l'-ll. .l:lI | .IIIIILII —— W1 bOttOITI
1 Y s —e— W1 middle
60 -
] | —a— W1 top
55 ] T T L I o 1
15 <10 -5 0 5 10 15
Distance from the weld center [mm]
105 - . ,
— Retreating Advancing
1 &side
95 - ﬁ"
90 '
85 -
80 -
75 |
70 - . it
1 . '-x‘ »— W3 bottom
65 - 2 rl .
: —e— W3 middle
o + W3top
55 T ] I e ) - 1
15 -10 -5 0 5 10 15
Distance from the weld center [mm]
105 - . :
- Retreating Advancing
100 - ) )
] g* side side
05{ &
e | ]
90 4 '& N 2 a
_ " F Y ﬁ“
85 Jf‘. i A
80 o o | 1 3
1 o |/ f o
75 AP ¢ 4
70 s ."u&_’ .~ %
65- %I.'. ]'15 —u— W5 bottom
- . "
] . . -l:‘I o W5 middle
601 + W5top
55 ' — N = ——
15 10 -5 0 5 10 15
Distance from the weld center [mm]
105 - ! \
; Retreating Advancing
100 - : )
| #a _ side side
954 4 4
90{ "R
85 -
80 -
75
70
65 =— W7 bottom
1 —e— W7 middle
- & WT top
55 T T T T T T T T 1
15 -10 -5 0 5 10 15

Distance from the weld center [mm]

=

o
— Microhardness [HV]

Microhardness [HV]

—h
S—

Microhardness [HV]

-
—

Microhardness [HV]

105 -
100
951
90-
85-
80-
751
70
65-
60 -

Retreating

Advancing

side#
5

* —u— W2 bottom
i —e— W2middle
4 W2top

55 4

-15

105 -
100
95-
90-
85-
80-
75-
70
65-
60 -
55 -

10

T ” ) . |

5 10 15

Distance from the weld center [mm]

Retreating

%‘side
-
" |

b ;

o Y ORE

e T

»e
'y

Advancing

side M
¥

g
l »— W4 bottom

|
= —e— W4 middle
» W4top

-15

105 -
100-
951
90-
85-
80
75-
70-
65-
60 -
55

-10

5 0

g 10 15

Distance from the weld center [mm)]

Retreating

|

Advancing
side

_a— W6 bottom
o W6 middle
» W6 top

-15

105 -
100
95-
90-
85-
80-
754
70
651
601
55 1

10 5 0

5 10 15

Distance from the weld center [mm]

Retreating

Advancing

—a— W8 bottom
o W8 middle
» W8 top

-15

-10 -5 0

] P ] L 1

5 10 15

Distance from the weld center [mm]





media/file9.jpg
Grain size in the weld nugget [um]

20+ - ilit 0°
Cm tilt2°

184

16w el

14 I

124 ey Y-l

104

5 .
35 40 45 50 55 60 65

Revolutionary pitch [rot/min]





media/file0.png





media/file8.png
B
=g

v P ‘P"‘i’- S

: .':;'.-}'Qbf‘- _“' T L






media/file17.jpg
&

Radius of the weld nugget [mm]

b)
<. o Fow e o?
atito® £ = tilt O
ol Atilt2° ¥ B o atilt2°
0 . ER i
of s 3. . .
6 # . 2. N
. . o
R T B

Distance from the top of the weld [mm]

Distance from the top of the weld [mm]





