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Abstract

:

Friction stir welding (FSW) is an alternative method to join aluminum (Al) alloys in a solid-state condition. However, the coarsening or dissolution of precipitation hardening phases in the welding zone causes strength reduction or softening behavior in the welded area of age-hardened Al alloys. Therefore, this research aimed to improve the mechanical properties of an FSW Al–Mg–Si alloy via post-weld heat treatment (PWHT) and the possibility of controlling the abnormal grain growth (AGG) using different welding parameters. FSW was performed with different rotational and travel speeds, and T6 heat treatment was carried out on the FSW samples as the PWHT. The results showed a decrease in the strength of the FSW samples compared with that of the base material (BM) due to the dissolution of precipitation hardening particles in the heat-affected zone. However, the emergence of AGG in the microstructure after the T6-PWHT was identified as the potential event in the microstructure of the PWHT samples. It is found that the AGG of the microstructure in similar joints of Al6061(T6) was governed by the welding parameters. The results proved that PWHT was able to increase the tensile properties of the welded samples to values comparable to that of Al6061(T6)-BM. The increased mechanical properties of the FSW joints were attributed to a proper PWHT that resulted in a homogeneous distribution of the precipitation hardening phases in the welding zones.
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1. Introduction


The aluminum 6061 (Al6061) alloy is one of the most extensively used alloys in the Al–Mg–Si alloy series. Al6061 is heat-treatable and one of the most versatile materials given its medium-to-high strength requirements and commendable toughness features [1]. Al6061 has been utilized in the automotive industry [2], marine frames, pipelines, and aircraft applications [3]. This alloy has magnesium and silicon as its main alloying elements [4], strengthening the alloy through precipitation hardening [5].



The fusion welding of Al alloys presents several challenges, e.g., low-melting-point element dissolution and the formation of porosity at the joint interface [6,7,8,9]. Cracks may also appear in the joining of heat-treatable Al alloys. As a solid-state joining procedure, friction stir welding (FSW) is an alternative process to join Al alloys [10,11,12,13]. In this joining process, a rotating tool is driven into the material and moved along the joint interface. The material temperature increases in the welding zone due to friction, and the softened material is extruded around the tool. Then, the tool shoulder is applied with a large pressure to forge the material at the joint [14,15,16,17]. Material deformation is performed at a temperature lower than the melting point temperature of FSW joints; consequently, it minimizes distortion and residual stresses in comparison with conventional welding methods [18]. Therefore, the issues that arise in the fusion joining of these alloys are absent in FSW [16].



Softening behavior or strength reduction also occurs in the welding zone of FSW heat-treatable Al alloys but to a degree that is considerably lower compared with those that occur in fusion welds [6]. The extent of strength reduction in the welding zone of heat-treatable Al alloys during FSW is dependent on welding parameters; strength reduction occurs despite the application of optimum weld parameters. Softening behavior is obtained due to the dissolution or coarsening of precipitation-hardened particles at the heat-affected zone (HAZ) [19,20,21,22].



Heat treatment can be performed to obtain the desired mechanical properties by recovering the precipitation-hardening particles and relieving residual stress on the welded part to improve the loss of strength in the FSW of age-hardened Al alloys. For aluminum alloys, post-weld heat treatment (PWHT) is commonly carried out by solution heat treatments at temperatures above 500 °C, followed by quenching in water and aging at a specific temperature above 170 °C or natural aging in air [23].



Jamshidi [24] studied the influence of natural aging process on the dissimilar FSW of Al7075 and Al5083. The rotational speeds selected were 900 and 1100 rpm, and the travel speed was 100 mm/min. The results showed no noticeable effects of natural aging on the ultimate tensile strength of the FSW samples after 180 days. In another report, the effect of natural and artificial aging was investigated on the similar FSW of Al2024-T6 after the welding process by Aydin et al. [25]. The welding process was performed at 2140 rpm and 40 mm/s. The results showed that artificial aging at 190 °C for 10 h improved the mechanical properties of the joint more than natural aging after eight months.



Priya et al. [26] carried out the heat treatment process after a dissimilar FSW of Al6061-T6 and Al 2219-T6 with welding parameters of 1600 rpm and 40 mm/min. The mechanical properties of the FSW samples were improved by PWHT due to the presence of precipitation-hardening particles, whereas abnormal grain growth (AGG) was reported after the PWHT of the welding zones’ microstructure. Ipekoglu et al. [27] performed PWHT on Al6061-O and Al6061-T6 after FSW, which was performed with rotational speeds of 1000 and 1500 rpm and travel speeds of 150 and 400 mm/min, respectively. The improvement of the mechanical properties was reported in both temperature conditions, and the ultimate tensile strengths of heat-treated samples were 80% and 85% of the base material (BM) in a similar welding of Al6061-O and Al6061-T6, respectively. However, AGG was reported in these similar joints due to PWHT. Furthermore, Ipekoglu and Çam [28] performed a similar research to investigate the effect of PWHT on the dissimilar FSW of Al6061 and Al7075 in same welding parameters as those mentioned above. An 85% improvement was found in heat-treated dissimilar joints in the T6 condition, with AGG occurring in the microstructure of heat-treated samples. Pabandi et al. [29] investigated PWHT on the dissimilar FSW of Al6061-T6 and Al2024-T6 performed with welding parameters of 1000 rpm and 100 mm/min. A welding efficiency of 80% was obtained in the PWHT samples, and AGG was reported due to solution heat treatments performed at 520 °C. Therefore, one of the limitations of applying PWHT to the age hardening of Al alloys is the grain growth of welded samples, which decreases the mechanical properties of PWHT samples compared with the BM.



This research aimed to improve the mechanical properties of welded joints via PWHT and the possibility of controlling AGG using different welding parameters. FSW was applied to produce similar joints of Al6061(T6) with different rotational and travel speeds. Then, a T6 heat treatment was performed as PWHT. The microstructural analysis and mechanical properties tests, including tensile tests and microhardness tests, are discussed in detail.




2. Materials and Methods


A commercial Al6061(T6) wrought aluminum alloy was used as the BM in this research. Table 1 presents the composition of the alloy and its mechanical properties. Al6061(T6)-BM with a size of 150 × 50 × 4 mm3 was considered for the welding process.



Before the welding process, the surfaces of materials were prepared using a steel brush to remove the oxide layers and then cleaned with acetone. The type of joint configuration was considered a butt joint in the FSW process (Figure 1a). Figure 1b presents the H13 tool steel pin used for FSW with a length of 3.8 mm and a shoulder diameter of 20 mm. A three-degree tilted angle was applied with the FSW tool during the welding process. Table 2 and Table 3 show the welding parameters applied in the welding and PWHT processes. The tool rotational speed varied from 800 to 1400 rpm, and traveling speeds were set to 100 and 400 mm/min. Two sets of joints, i.e., as-welded (FSW) and post-weld heat-treated (PWHT) samples, were produced to investigate the PWHT of the welded joint properties. The PWHT process was carried out as follows: solutionizing at 535 °C for 1 h and artificial aging at 175 °C for 8 h.



Microstructure observation was performed on the cross-section of FSW samples under both conditions (Figure 1c). For microstructure observation, the specimens were cold mounted and manually ground using emery papers ranging from #600 to #1200. Then, the specimens were polished using a 1 µm particle-size diamond polishing suspension. An etching solution consisting of 1.5 mL of hydrochloric acid, 2.5 mL of nitric acid, 1 mL of hydrofluoric acid, and 95 mL of distilled water was used to reveal the microstructure of welded joints under an optical microscope.



The tensile test specimen with a gauge length of 40 mm and a width of 6 mm was machined from normal to the welding direction (Figure 1c). The tensile test was performed on a 100 kN-capacity Zwick/Roell tensile test machine at room temperature. A strain rate of 10−3 s−1 was applied in accordance with the ASTM standard E8M-04. The tensile strength was calculated based on the average of three stress values, and joint efficiency was obtained by dividing the ultimate stress of the welded joint by that of the BM and then multiplying it by 100 (   W  e f f   = (  σ  U T S ( W e l d e d   /  σ  U T S ( B M   ) × 100 %  ). A Zwick Vickers hardness (HV) tester with a load of 0.1 kgf and a dwell time of 15 s was employed to evaluate the micro-hardness along the cross-section of the FSW samples. The fracture surfaces of the samples were observed after the tensile test using field emission SEM to study the fracture modes of the samples.




3. Results and Discussion


3.1. Microstructure


No welding defects, such as cracks, tearing, and porosity, were observed on the weld surface. The weld appearance had smooth semi-circular traces, and a flash was formed and pushed out from the welding zone during welding. Figure 2 shows a weld cross-section view of similar joints Al6061(T6) under different welding process parameters.



The macro photos exhibited no welding defects, such as cracks, porosity, or cavities, that commonly occur in welding. The FSW area was divided into three zones, namely the stir zone (SZ), the thermomechanical-affected zone (TMAZ), and the HAZ (Figure 2a). The pin penetration or plunge depth was kept constant at 0.3 mm in all conditions (Figure 2b). Notably, the amount of dragged material at the middle of the welded sample thickness increased with the increased tool rotational speed from 800 to 1400 rpm, which caused a change in the SZ shape from a triangular (800 rpm) to a basin D-shape (1400 rpm) (Figure 2c). This result was attributed to the high temperature imposed on the SZ by the increased rotational speed from 800 to 1400 rpm.



Figure 3a shows the optical image of the Al6061(T6)-BM microstructure with an elongated microstructure of inhomogeneous grain size. The elongated microstructure was caused by the cold-working process performed by the supplier company on the samples before T6-heat treatment. Large amounts of round particles were homogeneously distributed at the grain microstructure, as shown in Figure 3b. The particles were further analyzed by using energy dispersive X-ray spectroscopy (EDX). Figure 3c,d illustrates the EDX point analysis conducted on round particles containing 61.1 wt.% of Mg and 30.7 wt.% of Si, indicating that they were Mg2Si particles. In addition, the rod-like intermetallic particles that co-existed in the microstructure were composed of 63.1 wt.% Al, 23.5 wt.% Fe, and 13.3 wt.% Si. These findings indicate that they were identified as Fe3SiAl12 particles.



Figure 4 illustrates the effect of the FSW process on the microstructure in the welding zone of the FSW sample at a rotational speed of 1200 rpm and a 100 mm/min travel speed. The SZ microstructure was composed of fine and equiaxed grains due to frictional heat and severe plastic deformation during welding, as shown in Figure 4a. The BM underwent severe plastic deformation due to the stirring and heat during FSW, causing a dynamic recrystallisation phenomenon in the material. The dynamic recrystallisation contributed to grain refinement in the SZ microstructure [30,31].



Figure 4b,c shows the different zones of the SZ, the TMAZ, and the HAZ in the advancing side (AS) and retreating side (RS), respectively. The figures reveal the recrystallized and fine grains in the SZ on both sides of the welding zones, i.e., the AS and RS. Figure 4d,e displays the high-magnification transition zone between the SZ and BM involved in the TMAZ and the HAZ. The TMAZ was subjected to plastic deformation and heat treatment, but the degree of change was lower than that of the SZ. The grains in the TMAZ were deformed and elongated towards the direction of rotation and followed the pattern of the SZ (Figure 4). Moreover, the HAZ underwent heat treatment as a result of heat transfer from the SZ and the TMAZ. Therefore, the grain size was coarser than that of the TMAZ. BMs experienced a high temperature of up to 400 °C in the SZ [32] during welding due to the frictional heat between the tool and BM, thus causing the annealing effect. Annealing led to the coarsening and dissolution of strengthening elements, which included Mg2Si, in the aluminum matrix. The precipitation hardening particles that were present as strengthening elements in the BM of Al6061(T6) dissolved or coarsened in the SZ or the TMAZ due to the higher temperatures of those areas than that of the HAZ. The spread precipitation hardening particles disappeared and dissolved into the Al matrix with the increased in rotational speeds from 800 to 1400 rpm compared with those in the Al6061(T6) BM side because of the increase in temperature. The HAZ experienced a thermal cycle due to an increase in temperature of up to 250 °C [33]. The increase in temperature in the HAZ due to increased rotational speeds could have led to the enlargement of the average grain size.



Figure 5 presents the SZ microstructures of the welded samples at rotational speeds of 800 and 1200 rpm and travel speeds of 100 and 400 mm/min. The dissolution of precipitation hardening particles occurred as a result of increased rotational and travel speeds. The figure shows that the microstructures of the SZs showed more recrystallized fine grains compared with that of the BM. At a constant travel speed of 100 mm/min, no significant increase in grain was observed with the increase in rotational speed. However, at a constant rotational speed, an increase in the grain size of the SZ was determined by an increase in the welding travel speed due to the low heat input and plastic deformation reduction. When the rotational speed of the FSW was constant, the amount of plastic deformation and heat exposure at the welding zone decreased with the increase in travel speed during welding. According to the recrystallisation principle, coarse recrystallized grains are caused by the decrease in plastic deformation during welding [34]. A small and fine grain microstructure was obtained because of the reduction in heat input during welding. Thus, the grain size was affected by two factors, i.e., plastic deformation and heat input [35].



In general, T6 heat treatment, which involves the solutionizing and precipitation hardening processes, can be performed to increase the strength of heat-treatable Al alloys [24,29,36]. Employing the same approach, T6 heat treatment was applied to similar joints of Al6061(T6) FSW samples to evaluate the effect of PWHT on the microstructure and mechanical properties of the joints. Similar joints of Al6061(T6) samples that were joined at rotational speeds of 800 and 1200 rpm with two travel speeds of 100 and 400 mm/min were subjected to T6-PWHT. Figure 6 shows the cross-section of PWHT Al6061(T6) under different welding parameters. The microstructural change in the welding zone was evident after PWHT under both conditions, and no defects were observed in the cross-sections of the samples.



The grain growth in the welding zone was the significant effect of PWHT on the microstructure of the FSW samples. Figure 7 shows the AS, the SZ, and the RS of welding zones in the PWHT samples at a rotational speed of 1200 rpm and different travel speeds, as indicated by the red rectangle in Figure 6d,e. The TMAZ width in both sides of the welding zone, i.e., AS and RS, decreased or diminished in the microstructure of the PWHT samples (Figure 7a–d) compared with that under the as-weld condition (Figure 2 and Figure 4). The grain size in the SZ increased to several hundred microns and up to several millimeters (Figure 7e,f). This phenomenon, the instability of the microstructure of the welding zone, is called AGG.



In general, three factors can affect the occurrence of AGG: (i) anisotropy in grain boundary energy and mobility, (ii) a decrease in pinning forces due to coarsening and precipitation hardening particles dissolution, and (iii) thermodynamic driving forces due to grain size distribution [37]. Thus, the balance between the thermodynamic driving force occurring in AGG and the barrier migration of grain boundaries, which are pinning forces, is a critical feature that should be considered.



Gottstein [38] indicated that the SZ has a recrystallized microstructure with high-angle grain boundaries. In this study, no sufficient driving force was observed in the FSW zone to restart recrystallisation as soon as the static high temperature was applied. Thus, grain growth and coarsening are a promising consequence of PWHT when the heat energy from PWHT at 540 °C is high enough to be the driving force for grain growth. Consequently, an inhomogeneous microstructure in the different zones of FSW was the main factor the AGG determined in the FSW zone. The PWHT applied to the FSW samples involved a solution heat treatment that influenced the grain stability of joints. Chen et al. [39] stated that grain growth area increases as the temperature of the solution heat treatment increases. PWHT was applied to the FSW samples under the same conditions in this study. Therefore, this research focused on the effect of welding parameters on AGG.



As shown in Figure 6e, AGG covered majority of the area of the welding zone cross-section under the welding conditions of 1200 rpm and 400 mm/min after PWHT. However, the area covered by AGG in the joint sample at 1200 rpm and 100 mm/min was significantly smaller compared to the area covered by the fine grains revealed in the cross-section after PWHT, as shown in Figure 6d.



Welding parameters influenced the heat input and the corresponding thermal cycle. Heat input is inversely related to the weld pitch (W/P), which is the ratio of travel speed and rotational speed (  ν / ω  ), thus indicating that a low W/P value results in a high heat input. Thus, the W/P calculated (Table 4) under the welding parameters of 1200 rpm and 400 mm (1/3) was 1/3. This value was larger than at 1200 rpm and 100 mm/min, which was 1/12. AGG also occurred at a travel speed of 400 mm/min due to the low heat input. The proportional heat index should be considered to discuss the AGG phenomenon at different travel speeds [40]. The term is defined as the ratio of travel speed and the square of rotational speed (  ν /  ω 2   ) (Table 4). When the heat index is small, AGG occurs less. In our study, AGG could occur at a travel speed of 400 mm/min and a constant rotational speed of 1200 rpm. Thus, this phenomenon showed a good agreement between the heat input and heat index values and revealed the microstructure of PWHT Al6061(T6). This finding also showed that the increase in welding rotational and travel speeds effectively induced AGG in the welding zone of the PWHT Al6061(T6) samples. Thus, AGG can be controlled after PWHT by welding parameters that are a combination of welding travel and rotational speeds with similar FSW.



Figure 8 displays the fine grains in the welding zone of PWHT Al6061(T6) (yellow circle in Figure 6). In the fine microstructure found in the welding zone, the average grain size increased but non-significantly. The precipitation hardening distribution and size increased via PWHT compared with those under the as-weld condition. Therefore, evaluating the mechanical properties of the PWHT Al6061(T6) samples was necessary to identify the effect of AGG and PWHT on the FSW samples.




3.2. Mechanical Properties


3.2.1. Tensile Properties


Tensile tests were performed on similar Al6061(T6) joints with different welding parameters. Table 5 tabulates the transverse tensile strength of the similar-joint samples with different welding parameters, showing the ultimate tensile stress, elongation, and joint efficiency (Weff). The tensile strength and elongation of the FSW samples were lower than those of BM, which showed a tensile strength reduction of about 38% due to grain coarsening in the HAZ and the overaging of the strengthening phase. Grain coarsening in the microstructure caused a decrease in mechanical strength and a joint sample failure from the HAZ. No noticeable effect of different rotational speeds on the tensile strength of the FSW samples was observed at a constant travel speed of 100 mm/min.



However, under the same rotational speed (i.e., 800 and 1200 rpm), the ultimate tensile stress of similar joints increased as the travel speed increased from 100 to 400 mm/min. In particular, the ultimate tensile stress increased by 15% from 100 to 400 mm/min. Liu et al. [35] and Ji et al. [41] reported that the tensile strength of the FSW samples increased as the travel speed increased. In this study, the increase in travel speed caused no significant effect on the elongation, which was approximately 8% under all welding conditions. Furthermore, as the tensile strength increased, the welding efficiency increased and reached 72% at 1200 rpm and 400 mm/min. The ductility of the welded samples decreased after the welding process because of the limited plasticity (i.e., strain concentration) in the welded samples through tensile testing. Strength undermatching and low ductility have also been described in recent research on the welding of age hardening Al alloys [42,43].



Figure 9 shows the stress–strain curves of the FSW and PWHT samples under different welding conditions. The serration behavior caused by the Portevin–Le Chatelier effect [44] was observed before    σ  U T S     points in the as-welded samples. This serrated yielding represents the plastic instability during the tensile test [44,45].



PWHT, including the solutionizing and artificial aging processes, increased the tensile strength and improved the ductility of the FSW Al60661(T6) samples (Figure 9). The tensile strength improvement was contrary to the characteristic of the microstructure obtained after PWHT. The microstructure of the PWHT samples revealed that the grain size increased and the AGG phenomenon occurred in the welding zone. However, when the grain size increased, the tensile strength should have decreased in accordance with the Hall–Petch equation [46]. Pabandi et al. [29] stated the same finding in the dissimilar FSW of Al2024(T6) and Al6061(T6), revealing that the mechanical properties improved after PWHT as the average grain size in the welding zone increased. It is believed that the increase in tensile properties could be attributed to the formation of precipitation hardening particles that were recovered after the PWHT.



Figure 10 shows a detailed comparison of the effect of PWHT on the tensile properties of FSW Al6061(T6). The yield stress of samples welded at a travelling speed of 100 mm/min after the PWHT (Sample A-1 (PWHT) and Sample C-1 (PWHT)) was double the value that of the as-FSW (Sample A-1 and Sample C-1). Additionally, the ultimate tensile strength increased by up to 64% and 74%, respectively, for Samples A-1 and C-1. For samples welded at a travelling speed of 400 mm/min, the yield stress after the PWHT (Sample A-4 (PWHT) and Sample C-4 (PWHT)) was increased by more than 70% of the value of the as-FSW (Sample A-4 and Sample C-4). Additionally, the ultimate tensile strength increased up to more than 38% for both samples after the PWHT. The maximum ultimate stress was obtained at 316 MPa with a 15.1% elongation at the welding parameters of 1200 rpm and 100 mm/min. As shown in the microstructure at a rotation speed of 1200 rpm, the grain size of the PWHT samples at 100 mm/min, which presented high tensile properties, was smaller than that of the PWHT samples at 400 mm/min. A nonhomogeneity was observed in the PWHT samples in the SZ, and this condition could have influenced the elongation of the PWHT samples. The fluctuation of ductility in the PWHT samples was due to the strength undermatching nature of the joints, i.e., the existence of a region consisting fine and abnormally large grains [47]. This means that the weld zone plastically deformed and failed while the BM remained in the elastic region [27].




3.2.2. Fractography


The failure position of similar-joint samples was examined under different welding parameters (Figure 11). All the defect-free FSW samples exhibited a necking phenomenon at the fracture location under all welding conditions. Figure 11 presents the fracture locations of similar joint samples outside the welding zone. Fracture and necking occurred at the HAZ adjacent to the TMAZ [48]. This fracture was located after the tensile test of all similar FSW samples under different welding parameters. The failure position of the PWHT Al6061(T6) samples was also examined under different welding parameters. Fracture and necking occurred at the center of the PWHT samples (Figure 11). The same fracture area was formed after the tensile test for the other PWHT samples.



The fracture surface of similar FSW samples was analyzed under different welding parameters by SEM (Figure 12). As seen in Figure 12a, the size of the dimples on the fracture surface of Al6061(T6)-BM differed from those of similar-joint samples. The size of the dimples in the BM was smaller than those in similar-joint samples without heat treatment. This was the manifestation of higher tensile strength of the BM compared with those of the welded samples, as shown in Figure 12b–e. The shallow and a smaller number of dimples observed on the fracture surfaces in the welded samples indicated a lower ductility in welded joints [41,49].



Figure 12f,g displays the tensile fracture surfaces of the PWHT samples. Fine dimples were also observed on the fracture surfaces of the PWHT specimens. The morphologies of the fracture surface of the PWHT samples were similar to that of the fracture surface of Al6061(T6)-BM (Figure 12a). Cleavage and ridge facets were observed on the fracture surface of the PWHT samples shown in Figure 12h. The tensile strengths of the PWHT samples that exhibited smaller dimples in the fracture surfaces were higher than those in the FSW samples.




3.2.3. Hardness Profile


Figure 13 shows the hardness (HV) distribution profile of the middle cross-sectional thickness of the FSW and PWHT samples. The distribution of the hardness profile of a ‘W’ shape was obtained from the FSW samples, corresponding to three distinct welding zones, namely the SZ, the TMAZ, and the HAZ. The lowest hardness values were measured at the HAZ adjacent to the TMAZ on the AS (Figure 13) under all welding conditions, as highlighted in the black dotted circle. A good agreement was observed with the failed FSW samples after the tensile tests. In particular, the fracture location was detected in the HAZ. In general, the hardness values in the welding zone of the FSW samples decreased compared with that of Al6061(T6)-BM with a value of 93–97 HV.



This observation indicated the occurrence of thermal softening. Thus, the coarsening and solutionizing of Mg2Si, which acted as a strengthening element in the Al matrix, caused a decrease in hardness in the welding zones. The hardness distribution of the HAZ and the TMAZ was improved in the FSW joints by increasing the welding travel speed from 100 to 400 mm/min, leading to the reduction of the softened zone. This result is attributed to the low precipitation deterioration level in the TMAZ and the HAZ at a high welding travel speed.



The hardness profile of the PWHT samples showed the same hardness profile behavior with low fluctuation on the cross-section of the samples identical to Al6061(T6)-BM and exhibited improved hardness properties by PWHT. The average hardness of 100 HV was obtained after PWHT, and the hardness property of the PWHT samples improved by 54% compared with that of the FSW samples. In addition, the failure position of similar FSW samples was detected at the HAZ and the TMAZ, but that of the PWHT samples was found in the middle of the samples. These outcomes were consistent with the results obtained from the hardness test. In consideration of the AGG in the welding zone after PWHT, the hardness test of the PWHT samples showed that precipitation hardening particles were the main factors that increased the strength of Al6061(T6) rather than its grain size. Therefore, the variation in hardness is strongly dependent on the precipitates’ size, shape, and density rather than their grain structure [50].






4. Conclusions


This study was conducted to investigate the effect of FSW parameters on AGG during the PWHT in similar joints of Al6061(T6). A T6-heat treatment was performed after the joining process to consider its effect on the microstructure and mechanical properties. The conclusions obtained from the investigation are summarized below.



Sound joints were achieved without any welding defects, such as cracks, porosity, and tunnel, under various rotational and travel speeds. The highest joint efficiency of 71% was obtained at rotational speed of 1200 rpm and a travel speed of 400 mm/min. A decrease in the weld strength of the joint was observed after the FSW process due to the dissolution of precipitation hardening particles in the HAZ.



T6-PWHT improved the tensile strength and hardness of similar joints of Al6061(T6). However, AGG was observed in the microstructure of PWHT joints because of the heat treatment.



The AGG in the microstructure after the PWHT was governed and may be prevented by adjusting the friction stir welding parameters. In addition, PWHT was able to increase the tensile properties of the joints to values comparable to that of Al6061(T6)-BM. The increased mechanical properties of the joints were attributed to a proper PWHT that resulted in a homogeneous distribution of precipitation hardening phases in the welding zones.
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Figure 1. Schematic of the friction stir welding (FSW) process: (a) butt joint configuration, (b) FSW tool, and (c) location of the machined specimens. 






Figure 1. Schematic of the friction stir welding (FSW) process: (a) butt joint configuration, (b) FSW tool, and (c) location of the machined specimens.
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Figure 2. Macro photos of similar joints of Al6061(T6) with different welding parameters: (a) Sample A-1, (b) Sample B-1, (c) Sample D-1, and (d) Sample C-4. SZ: stir zone; TMAZ: thermomechanical-affected zone; and HAZ: heat-affected zone. 
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Figure 3. Microstructure of Al6061(T6)-BM: (a) optical image, (b) FE-SEM image, and (c,d) energy dispersive X-ray spectroscopy (EDX) point analysis. 
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Figure 4. Microstructure of similar joints of Al6061(T6) at Sample C-1: (a) cross section view; (b,c) low-magnification advancing side (AS) and retreating side (RS), respectively; and (d,e) high-magnification views of (b,c), respectively. 






Figure 4. Microstructure of similar joints of Al6061(T6) at Sample C-1: (a) cross section view; (b,c) low-magnification advancing side (AS) and retreating side (RS), respectively; and (d,e) high-magnification views of (b,c), respectively.
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Figure 5. Microstructures of the SZs of similar joints for Al6061(T6): (a) Sample A-1, (b) Sample A-4, (c) Sample C-1, and (d) Sample C-4. 
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Figure 6. Macro photos of PWHT Al6061(T6) samples: (a) Schematic of weld cross-section, (b) Sample A-1 (PWHT), (c) Sample A-4 (PWHT), (d) Sample C-1 (PWHT), and (e) Sample C-4 (PWHT) (marks show the area for detailed microstructure observation). 
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[image: Metals 10 01607 g006]







[image: Metals 10 01607 g007 550] 





Figure 7. Abnormal grain growth (AGG) in the microstructure of welding zone in PWHT Al6061(T6) samples. 
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Figure 8. High-magnification of the SZ in PWHT Al6061(T6) samples: (a) Sample A-1 (PWHT), (b) Sample C-1 (PWHT), and (c) Sample C-4 (PWHT). 
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Figure 9. Stress–strain curves of FSW and PWHT samples. 
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Figure 10. Effects of PWHT on the tensile properties of FSW Al6061(T6). 
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Figure 11. Failure position of similar joints of Al6061(T6) after the tensile test. 
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Figure 12. Tensile fracture surfaces of similar joints of Al6061(T6). 
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Figure 13. Hardness profile of similar joints of Al6061(T6). 
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Table 1. Chemical compositions and tensile properties of the base material (BM).
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Material

	
Chemical Composition (wt. %)

	
Yield Stress (MPa)

	
Ultimate Tensile Strength (MPa)




	
Al

	
Mg

	
Si

	
Mn

	
Cu






	
Al6061(T6)-BM

	
Balance

	
0.8

	
0.4

	
0.03

	
0.18

	
255

	
290
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Table 2. Sample name and welding parameters of similar joints of Al6061(T6).






Table 2. Sample name and welding parameters of similar joints of Al6061(T6).





	Sample Name
	Rotational Speed (rpm)
	Travel Speed (mm/min)





	Sample A-1
	800
	100



	Sample A-4
	800
	400



	Sample B-1
	1000
	100



	Sample C-1
	1200
	100



	Sample C-4
	1200
	400



	Sample D-1
	1400
	100
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Table 3. Sample name and welding parameters of samples with the post-weld heat treatment (PWHT) process.
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	Sample Name
	Rotational Speed (rpm)
	Travel Speed (mm/min)
	PWHT





	Sample A-1 (PWHT)
	800
	100
	✓



	Sample A-4 (PWHT)
	800
	400
	✓



	Sample C-1 (PWHT)
	1200
	100
	✓



	Sample C-4 (PWHT)
	1200
	400
	✓
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Table 4. Effect of welding travel speed on weld pitch (W/P) and heat index.
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Welding Rotational Speed (rpm)

	
Welding Travel Speed (mm/min)

	
W/P

	
Heat Index (×10−2)






	
800

	
100

	
1/8

	
1/64




	
400

	
1/2

	
1/16




	
1200

	
100

	
1/12

	
1/144




	
400

	
1/3

	
1/36
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Table 5. Tensile properties of similar joints of Al6061(T6).
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	Sample
	Ultimate Tensile Strength

(MPa)
	Elongation

(%)
	Joint Efficiency

(%)





	Sample A-1
	180
	7.2
	62



	Sample A-4
	207
	7.9
	69



	Sample B-1
	179
	7.9
	62



	Sample C-1
	182
	7.8
	63



	Sample C-4
	210
	8.4
	72



	Sample D-1
	178
	7.8
	61
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