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Abstract

:

Friction stir welding (FSW) is an effective solid-state joining process that has the potential to overcome common problems correlated with conventional fusion welding processes. FSW is used for the joining of metallic materials, in particular Al alloys (non-heat-treatable and heat-treatable). The heat produced by the friction between the rotating tool and the workpiece material generates a softened region near the FSW tool. Although the heat input plays a crucial role in producing a defect-free weld metal, it is a serious concern in the FSW of work-hardened non-heat-treatable Al alloys. In this group of alloys, the mechanical properties, including hardness, tensile properties, and fatigue life, are adversely affected by the softening effect because of grain growth and reduced dislocation density. Considering this challenge, work-hardened Al alloys have been limited in their industrial use, which includes aerospace, shipbuilding, automotive, and railway industries. The current comprehensive review presents the various approaches of available studies for improving the quality of FSW joints and expanding their use. First, the optimization of welding parameters, including the tool rotational and traverse speeds, tool design, plunge depth, and the tilt angle is discussed. Second, the incorporation of reinforcement particles and then underwater FSW are stated as other effective strategies to strengthen the joint. Finally, some supplementary techniques containing surface modification, bobbin tool FSW, copper backing, and double-sided FSW in relation to strain-hardened Al alloys are considered.
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1. Introduction


Friction stir welding (FSW) is a widely used solid-state joining process for metals and alloys developed at The Welding Institute (TWI) in 1991. The FSW process, for is used to integrate two metal pieces; the general principles are schematically shown in Figure 1. During the FSW process, a rotating tool is inserted into the interface between two workpieces, which is then traversed along the welding line. The rotating tool is usually composed of a pin and a shoulder. The applied plastic deformation and heat-induced by friction between the rotating tool and workpiece lead to the formation of a solid-state weld [1,2,3,4,5]. Although FSW is applicable for various metals [6,7,8,9,10], it is mostly used in the joining of Al alloys [1,11,12,13,14]. FSW of Al alloys has many advantages compared with conventional fusion welding processes (e.g., MIG and TIG). These include finer microstructure, better dimensional stability, lower processing defects, reduced residual stresses, and superior mechanical properties [3,15,16].



Non-heat-treatable Al alloys, which are also called strain-hardened or work-hardened alloys, include a group of alloys that are usually strengthened via cold work and/or solid solution hardening. The various combinations of additions used for these alloys are shown in Table 1 [3,17,18]. Temper designations for the alloys strengthened by strain hardening consist of an H followed by two or more digits (e.g., AA3103-H13). The first digit following the H indicates whether the strain-hardened alloy has been thermally treated, and the digit following the H1, H2, and H3 (e.g., H1xx, H2xx, or H3xx conditions) indicates the degree of the applied strain hardening. Furthermore, the letter “O” is used to present the annealed conditions by which the lowest strength is achieved [19,20].
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Figure 1. Schematic of the FSW Process [21]. Reprinted from: Quantitative wear analysis of H13 steel tool during friction stir welding of Cu-0.8%Cr-0.1%Zr alloy, Wear 378 (2017): 82–89. Sahlot, Pankaj, Kaushal Jha, G. K. Dey, and Amit Arora, Copyright 2017, with permission from Elsevier. 
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Table 1. Non-heat-treatable Al alloys [17,18].
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	Non-Heat-Treatable

Aluminum Series
	Common Alloys

(Number)
	Alloy System
	Tensile Strength Range

(MPa)





	1xxx
	1050, 1060, 1100
	Pure Al
	70–175



	3xxx
	3003, 3004, 3105
	Al-Mn
	140–280



	5xxx
	5005, 5052, 5056, 5083, 5086, 5454, 5456, 5657, 5754
	Al-Mg
	140–380








The plastic flow applied by the rotating pin leads to stirring and mixing of material around the weld zone, while friction between the tool and the workpiece provides the main contribution to heat generation [3,22,23]. The generated heat activates softening mechanisms by which the mechanical properties of the weld area are deteriorated compared to the base metal [1,24,25,26,27,28]. Overall, four distinct macrostructural zones can be identified in the FSWed joints, including: heat-affected zone (HAZ), thermomechanical affected zone (TMAZ), stir zone (SZ), and base metal (BM) [29]. Figure 2 shows a common cross-section of FSWed joints [29].



In heat-treatable (e.g., age-hardened) Al alloys, the softening mechanism is associated with the dissolution of strengthening precipitates and grain growth during the welding thermal cycle. Loss of the mechanical properties in this group of Al alloys can be somewhat mitigated by applying subsequent natural or artificial aging treatment [17,26,30,31,32,33]. For instance, Sato et al. [34,35] reported higher density of strengthening precipitates and superior mechanical strength of AA6063 after applying post-weld aging relative to the as-received base metal. Furthermore, Kalemba et al. [36] investigated the FSW of AA7136-T76 under three and six years naturally aged conditions, and stated that natural aging remarkably improved the mechanical properties of FSWed joints of heat treatable alloys.



In non-heat-treatable, work-hardened Al alloys, the softened region leads to considerable deterioration in the tensile properties, hardness, and fatigue resistance of the FSWed joints. Recovery and recrystallization are the principle softening mechanisms [31,37,38]. It should be noted that the FSW process often does not lead to a reducing effect on mechanical properties of the annealed and H111 temper Al alloys. “H111 Temper” Al alloys receive cold-work hardening after annealing but not enough for the alloys to meet the mechanical properties of full work-hardened products such as H11 or H12 temper [19,39,40]. Unlike the heat-treatable alloys, applying the post-weld heat treatment does not work and can significantly deteriorate the mechanical properties of the FSW joints of the strain-hardened Al alloys [17,38,41,42]. Therefore, a comprehensive literature review is required to outline the promising strategies and processing routes that can improve the weld performance, and to identify the optimum process parameters that can provide high quality FSWed joints.



Several efforts have been made to identify and introduce novel processing routes which can improve the mechanical properties of FSWed joints of non-heat-treatable Al alloys. The first practical approach is the optimization of FSW parameters, including rotational and traverse speeds, welding tool geometry, tool tilt angle, and plunge depth. Minimizing heat generation by applying higher traverse speeds and/or lower rotational speeds seems to be a successful solution for alleviating the softening problems. However, there are concerns about insufficient heat generation which can lead to different types of defects in the weld area where the mechanical properties of the joints can be remarkably reduced [1,22,43,44]. Unfavorable residual stress, distortion, and high surface flash are also negative effects of the excessive heat input that mostly affect the fatigue performance of FSWed joints [2,26,45,46]. Therefore, an appropriate combination of traverse and rotational speeds is required to achieve a defect-free joint with minimum heat input.



Another important FSW parameter is tool geometry, which plays a key role in localized heating and material flow and can remarkably influence the tensile properties, hardness, and fatigue life. Designing appropriate tool geometry is necessary to control the heat input of the FSW joint. The common tool pin design consists of a cylindrical and tapered/conical pin that can be with or without thread [12,47,48,49]. By designing an appropriate tool pin design, it is possible to fabricate FSWed joints with symmetrical mechanical properties.



Furthermore, the tool tilt angle is associated with the effective transfer of material from the front to the back of the pin. Its effect on the formation or disappearance of defects, peak temperature, the material flow, and changing the shapes of the nugget zone has also been shown. The tool tilt angle depends on the tool pin design and the degree of its mixing during FSW. In addition, surface defects that are mainly responsible for fatigue crack initiation are affected by tool tilt angle [44,50,51]. The plunge depth is another factor that affects the surface quality of the joints. Plunge depths that are either too shallow or too deep can negatively affect the weld quality (e.g., by insufficient plastic deformation, lack of penetration, local thinning, and excessive flash) [2,27,52].



The incorporation of reinforcement nano- or microparticles in the microstructure of non-heat-treatable Al alloys can improve the mechanical strength of the stir zone, provided that an appropriate ratio of rotational and traverse speeds is chosen. In addition to the rotational and traverse speeds, the number of FSW passes and direction of the multi-passes are important variables that affect the FSWed joint quality in the presence of reinforcement particles [53,54,55]. The reinforcement particles can be ceramic-based particles, that are intrinsically hard, or intermetallic compounds formed in the microstructure by in situ reaction between metal powder and aluminum matrix. The homogeneous distribution of the reinforcement particles in the aluminum matrix is critical to have high strength FSWed joints [56,57].



The use of artificial cooling (e.g., water) during the course of the FSW process can minimize heat input and the associated softening effect [2]. Underwater friction stir welding (UFSW) improves the mechanical properties of joints by preventing grain coarsening in different weld zones, especially in the HAZ. Using water cooling may require revising the welding parameters of the conventional FSW processes (e.g., rotational speed) to obtain high-quality defect-free joints [58,59]. Water cooling media can greatly improve the fatigue performance of FSWed joints by controlling residual stresses and distortions [25,60].



Several other measures have been suggested to improve the quality of FSWed joints of work-hardened Al alloys. Surface defects, which act as the site of fatigue crack initiation, can be removed and replaced by favorable compressive residual stress and applying suitable surface treatments [61,62]. The Bobbin tool FSW was developed to solve the insufficient tool penetration in conventional tool FSW [26,63]. Furthermore, using Cu backing as a cooling agent was introduced to FSW of Al alloys to improve hardness, tensile properties, and fatigue life [64,65]. Double-sided FSW is an efficient method for joining Al thicker plates, which maximizes symmetry and minimizes the root flaws [10,66].



The FSW process can be used in an individual or combined manner to improve the joints’ efficiency and performance. These techniques are thoroughly reviewed in the following sections.




2. Application


FSW is extensively used in many industries (e.g., shipbuilding, marine, aerospace, railway vehicles, and automotive sectors) in joining non-heat-treatable Al-based products [13,67,68,69,70,71]. Although the FSW process is mostly used in butt welds, other joint designs such as spot welds and T-joint welds are also being performed. In most cases, FSW is applied for large-scale products that are welded by setting the workpiece on a worktable. Even though the applications are in a one-dimensional form, the facility is under development to conduct FSW in a three-dimensional form [2,72,73]. The following are some common examples of FSW, which imply the strong need for FSW use in various industrial sectors.



2.1. Marine


One of the main applications of FSW is in shipbuilding, where it is often used for joining the boat’s hulls and its stiffeners, decking, bulkheads, and superstructure made from corrosion resistant AA5XXX aluminum alloys, such as AA5086, AA5454, AA5456, AA5059, and AA5383 AA5083 products [74,75,76]. In addition, the FSW process is used to join honeycomb panels which have been developed with a high noise-absorbing coefficient for the walls of the ship cabin. In shipbuilding construction, prefabricated panels fabricated by FSW lead to reduced problems for retaining highly skilled welders, thus reducing labor costs. [67,68,77,78]. Furthermore, a portable prototype FSW machine has been recently used in manufacturing the bow section of a new type of ocean viewer vessel made from the AA5083-H321 alloy [67,78].




2.2. Aerospace


The various advantages of the FSW process, such as the weight of the structure, the strength of the joint (particularly fatigue performance), and finished cost, led to interest from the aerospace industry [2,78,79,80]. Various joining processes, especially FSW, are performed to join the main structural areas in a transport aircraft, namely fuselage and pressure cabins, wings, and empennage (horizontal and vertical stabilizers). The engineering properties required for these structures are strength, stiffness, fatigue crack growth, fracture toughness, and corrosion [81]. FSW is used in the manufacturing of aircraft (A3xxx Airbus series) for the production of longitudinal joints in the fuselage, links, and central container of the wing [68].




2.3. Railway


The use of FSW is also increasing in the railway vehicle industry and is an ideal process for butt welding of lengthy longitudinal extruded section profiles for high-speed trains [82,83]. In train and tram structures, FSW is now used for roof panels, car-body, and railway wagons, which are made from longitudinal hollow Al extrusions [78,84,85].




2.4. Automotive


The FSW of different Al alloys has been extensively used in the automotive industry for the high-volume production of vehicle components for years due to the high integrity of the technique [51,72]. Among the innovations used in joining aluminum alloy body panels, prototype frames, and structural components in automobiles are FSW and friction stir spot welding (FSSW) [86].





3. Optimization of Welding Parameters


FSW includes complex metal movement and severe plastic deformation through the mechanical (spinning) motion of a rotating tool. The tool rotational speed, traverse speed, tool design, plunge depth, and tilt angle are the major welding parameters that have considerable impact on the material flow pattern and temperature distribution, thereby affecting the microstructures and mechanical properties of joints [1,27,87]. Evidently, the proper selection and adjustment of the process parameters is critical and can remarkably affect the final quality of the FSWed joints.



Based on what was previously discussed for non-heat-treatable, work-hardened Al alloys (i.e., H-temper), the main issue with defect-free FSWed joints is the severe softening effect and deterioration of mechanical properties in the welded joints, especially in the stir zone (SZ). For example, Yazdipour et al. [88] reported that the hardness around the weld line of AA5083-H321 alloys can be reduced to 50% relative to the base metal. In addition, for a defect-free FSW joint of H-temper Al alloys, the mechanical properties of welds are close to the properties of the annealed temper (i.e., O temper) alloys where the yield and tensile strength can be reduced to 75% and 50%, respectively [31,88,89]. Furthermore, the fatigue strength of the FSWed joints can be equal to or less than the base metal, depending on the applied welding conditions [2,43,51,90]. For example, Aydin et al. [91] reported lower fatigue resistance for the FSWed joints relative to the base material, whereas Uematsu et al. [92] demonstrated that the fatigue strengths of the welds can be nearly the same as those of the parent materials.



The softening problem, which is caused by dynamic recrystallization, grain growth, and low-temperature annealing, results from the heat input rising from the frictional motion of the rotating welding tool. Therefore, controlling the amount of heat input is a key factor in reducing the softening effect in FSWed joints [2,26,88,93]. On the other hand, producing a solid and defect-free joint requires adequate heat input. When the amount of heat input is too low, welding defects occur in the joint, and the mechanical properties, such as tensile strength and fatigue resistance, are adversely affected [31,94]. Therefore, in joining the strain-hardened Al alloys using FSW, the welding parameters must be selected so that the heat input is optimized to achieve a defect-free high strength joint [31,38,94,95]. Effects of the main process parameters on mechanical properties of non-heat-treatable Al alloys and possible improvement strategies are discussed in the following sections.



3.1. Effect of Traverse and Rotational Speeds


Tool rotation speed and tool traverse speed are the two principal parameters generating heat during FSW. Depending on the amount of heat input, three types of problems in FSWed joints of H-temper Al alloys can be encountered: (1) softening (high heat input), (2) process defects (low heat input), and (3) distortion and residual stress [43,44,96]. The effects of these shortcomings on joint quality will be discussed in the following clauses.



3.1.1. Softening (High Heat Input)


The ratio of “traverse to rotational speed”, which is called revolutionary pitch (RP), controls the heat input to the joint. A higher revolutionary pitch leads to lower heat input in the joint, whereas a lower revolutionary pitch produces higher heat input [31,94,97,98]. As shown in Figure 3, Khorrami et al. [42] indicated that increasing the rotational speed (higher heat input) led to lower tensile strength and larger elongation in defect-free FSWed joints of both work-hardened (as-welded) and annealed 1XXX pure Al alloy [42]. Additionally, an increase in ultimate tensile strength has been reported when the revolutionary pitch increases from 0.07 to 0.47 mm/rpm in the FSW of AA1050-H24 pieces [99]. Therefore, decreasing the rotational speed and increasing the traverse speed leads to an increase in the revolutionary pitch. Subsequently, the amount of heat input reduces under this condition. When the heat input is alleviated, the annealing of the work-hardened Al base is reduced. This is desirable for the strength of the defect-free welds because the softening effect caused by annealing is reduced. The mechanical properties, including tensile strength and hardness, can therefore be improved in the defect-free FSWed joints by rotational and traverse speeds [1,41,97,98].



The mechanical behavior of different weld zones (SZ, HAZ, and TMAZ) varies with the heat input induced by traverse and rotational speeds. Several studies on FSW of non-heat-treatable wrought Al alloys have shown that the various traverse speeds at a constant rotational speed do not have a considerable impact on the average hardness value of the stir zone [25,38,94,100]. However, the variation of rotational and traverse speeds not only results in a change in the mechanical behavior of the HAZ, but also influences the softened HAZ width. It has been widely reported that the hardness values of HAZ decrease with decreasing traverse speed and increasing rotational speed [3,31,38,75,96,101]. This combination of parameters (lower revolutionary pitch or higher heat input) results in a wider softened HAZ due to a higher holding time at the peak temperature since the cooling rate is noticeably reduced. Furthermore, the grains also have enough time to grow, leading to a decrease in the average hardness in this region. It is well-known that grain growth leads to a decrease in the hardness value in Al alloys [38,41,88,102,103]. As observed in Figure 4, the average grain size values of HAZ in the FSW joint of AA3003-H18 are remarkably affected by traverse and rotational speeds. The largest grain size (41.7 µm) belongs to Figure 4g with speeds of 1200 r/min and 40 mm/min (i.e., the lowest revolutionary pitch or highest heat input). In contrast, Figure 4c shows the smallest grain size (20.4 µm) at the highest revolutionary pitch [38]. Mohammadi Sefat et al. [103] studied the size of HAZ for FSW of AA5052-H18 and showed that increasing the traverse speed (linear speed) from 63 mm/min to 315 mm/min and decreasing the rotational speed from 2500 rpm to 800 rpm narrowed the size of HAZ (softening area) (Figure 5) [103]. Thus, a controlled combination of the traverse and rotational speeds provides the possibility of reaching a defect-free joint with minimum heat input. Table 2 outlines a list of process parameters which are optimized to achieve high tensile properties in the FSWed joints of non-heat-treated Al alloys.



Failure behavior of defect-free FSWed joints under cyclic loading is also influenced by the degree of softening induced with different rotational and traverse speeds [46,108,109]. It is generally believed that fatigue crack is more likely to be initiated by the applied plastic deformation localized in the softened area of the FSWed joints [110,111]. Kulekci et al. [43] reported that increasing the tool rotational speed for a fixed tool pin diameter reduces the fatigue strength of FSWed lap defect-free joints of AA5754 (Figure 6). This reduction in fatigue resistance, as illustrated in Figure 6, is attributed to the heat input and corresponding softening induced in the welding region. Similar to hardness and tensile strength, extreme heat input during the FSW process negatively affects fatigue strength. Therefore, tool rotational and traverse speeds need to be optimized to improve fatigue performance. The rotational speed of 1000 rpm and traverse speed of 100 mm/min have been reported as optimum parameters for AA5754 FSWed joints [43].



Furthermore, the heterogeneity of mechanical properties has been reported for different thickness layers (top, middle, and bottom) of FSWed joints [94,112,113,114]. For instance, Liu et al. [94] indicated that the hardness, ultimate strength, and yield strength of the middle layer were slightly smaller than the upper and lower layers of defect-free joints of AA1050-H24 sheet with a thickness of 5 mm. The lower heat output from the middle layer relative to the upper/lower layers, and the subsequent softening, was responsible for the weaker mechanical strength [94,112,113]. For thinner plates, the mechanical strength of the top, middle, and bottom is closer and more uniform [114]. However, for thicker plates, the heterogeneity of mechanical properties across the plate thickness is expected as the cooling rate and heat output vary from surface layers to central zones. In general, the increase in revolutionary pitch (low heat input) can help to minimize this heterogeneity in defect-free FSWed joints. Process cooling, such as water spray or underwater FSW, is another method for reducing the heterogeneity across the plate thickness, which is described in Section 5.




3.1.2. Defects (Low Heat Input)


High traverse speed and low rotational speed may result in an inappropriate joint due to low heat input and the formation of defects in the weld zone [44,91,115]. The values of these high and low speeds are not specific and depend on several parameters, such as the thickness of the workpiece, the design of the welding tool, the backing material, the title angle, and the plunge depth. For defect-free joints, the tensile properties are most likely correlated with the hardness values distributed across the weld. On the other hand, for defective joints, the tensile properties (e.g., ultimate tensile strength, yield strength, elongation, and fracture location) of the joints are primarily affected by defects such as cracks, voids, tunneling, surface imperfection, hooking, flashes, and kissing bonds or zigzag lines (Al2O3 oxide layer) [44,109,116,117]. The presence of a defect in the stir zone not only causes a significant reduction in elongation, but also results in a deterioration of the tensile and yield strength of the FSWed joints. Moreover, in a defective weld, fracture locations are often located in the stir zone where cracks are initiated [31,95].



It should be noted that both insufficient and excessive heat input can lead to process defects in the joints [118]. According to the Han et al. study on the FSW of AA5083-O [95], when the rotational speed of the probe was too high, the peak temperature was stabilized. Therefore, more pressure on the probe shoulder became ineffective and led to a defect in the welded joint through chip formation. Based on their report, the optimum FSW conditions were a welding speed of 124 mm/min and a rotational speed of 800 r/min for AA5083-O [95]. In addition, Jamalian et al. [106] indicated that both low (500 and 800 rpm) and high (1600 rpm) rotational speeds at various traverse speeds (41.5, 80, and 125 mm/min) led to tunneling and wormhole defects in the FSWed joints of AA5086-H34. However, FSW at rotational speeds of 1000 and 1250 rpm showed a defect-free weld. Figure 7 shows the macrostructure of the defective joints obtained with different rotational speeds in their work. Figure 7a–f shows tunneling and wormhole defects at low rotational speeds, which were caused by insufficient heat generation and poor plasticity flow. At rotational speeds that were too high, these defects were generated as a result of considerable turbulence in the plasticized metal, as shown in Figure 7g–i [106]. Moreover, Javad Rasti [119] studied the welding parameters’ effect on the tunnel void area during a FSW of AA1060 at different rotational (500 and 1000 rpm) and traverse (250, 500, 650 mm/min) speeds. According to his findings, the area of tunnel cavity defect was zero for a rotational speed of 1000 rpm and traverse speed of 250 and 500 mm/min [119]. According to various works on FSW of non-heat-treatable Al alloys, it is concluded that the optimum rotational speeds are approximately 1000 rpm to achieve a defect-free joint, but the optimum traverse speed varies for different alloys. For example, in order to obtain a defect-free joint, 5xxx Al alloys generally need higher heat input caused by lower traverse speed compared to the 1xxx Al alloys [120]. This can be attributed to the mechanical properties and different flowing behavior of base metals. In high-strength Al alloys, such as AA5083 (275–385 MPa), it takes more time to reach the desired heat input and temperature for stirring materials. Therefore, the transverse speed should be slow. However, AA1060 requires lower heat input because of the lower tensile strength (55–130 MPa).



One of the main factors that influence the fatigue behavior of joints is a weld defect. Although the high traverse speeds and low rotational speeds (low heat input) are helpful to control residual stresses and distortion, there is concern about the formation of weld defects under this process condition, which can reduce fatigue life [44,91]. Process defects accelerate the fatigue crack initiation and propagation, which are the main contributors to the sudden decline of fatigue life in the weld joints [2,46].



A continuous S-shaped line in the stir zone is called S-line, zigzag line, or kissing bond, which is mainly formed by the accumulation of the fine oxide particles resulting from the initial oxide layer on the butt surface [110,121]. Sato et al. [122] investigated the characteristics of the kissing bond defect on FSW of AA1050-H24. They reported that welding parameters have a substantial effect on the formation of the kissing bond. For example, the higher the welding heat input, the lower the kissing bonds (as shown in Figure 8). At the lower heat input, the distribution of the oxide layers is weakened, and they appear with localized accumulation in the microstructure. The oxide layers at the higher heat input can be broken, homogeneously distributed in the microstructure, and do not adversely affect the mechanical properties of the joints [51,109,122]. Zhou et al. [109] studied the effect of the kissing bond on the fatigue behavior of FSW on AA5083-H321. They concluded that the kissing bond (bonded welds) accelerated the crack initiations under fatigue loading, and subsequently, the fatigue life of the joints containing kissing bonds was 21–24 times shorter relative to the sound welds [109,123].



Apart from the defects observed in butt welds, friction stir lap welding (FSLW) also has special features at the edges of the bonded region, which is called a “hooking defect” [2]. In lap joints, one sheet is laid on top of another, and a slight overlap region is created. The FSW probe plunges completely through the upper sheet and slightly into the lower sample, traversing through the overlap region [124,125,126]. A schematic of the FSLW process is shown in Figure 9a. Shirazi et al. [127] observed such defects in their study on the FSLW of AA5456. Figure 9b shows an example of the hooking defect on both the advancing and the retreating sides of the joint conducted on 5 mm thick AA5456-H321 and 2.5 mm thick AA5456-O. According to their findings, the height and shape of the hooking were affected by rotational and traverse speeds [127]. Increasing the rotational speed enhanced the vertical material flow, leading to an increase in the hooking height. At a constant rotational speed, the height and direction of the hooking changed with the increase of the traverse speed. At low rotational speeds, the increase in the traverse speed resulted in decreasing the hooking height on both the advancing and retreating sides due to less vertical material flow [127]. Moreover, Salari et al. [128] suggested that a larger hooking defect had a more negative impact on the mechanical properties of FSLW AA5456. They also reported that an increase in rotational speed was a reason for increasing the hooking defect height [128].



Lomolino et al. [61] reported that fatigue failures of FSWed joints of Al alloys were initiated at surface roughness or the surface flash of the joint. Figure 10 illustrates the typical surface defects in the FSWed joints. Based on their results, the fatigue failure of the joints was initiated from the notches introduced by pronounced lips or tool marks on the weld surface [61]. Accordingly, from the perspective of roughness, surface defects, and volumetric defects, the lower traverse speed and higher rotational speed provide the best fatigue performance due to the defect-free welds with smooth surfaces [46,96,129]. Nevertheless, there are also conflicting reports that the excess heat input, caused by the lower traverse speed and high rotational speed, may result in a large mass of flash on the surface [2,115,130].




3.1.3. Distortion and Residual Stress


It is well accepted that the residual stress and microstructure evolution for defect-free FSW joints affects the fatigue crack initiation [45,110]. Kulekci et al. [131] reported the detrimental impact of increasing rotational speed for the fatigue life of FSWed AA1050-H18 joints. For a defect-free FSW joint, excessive heat input leads to higher residual stresses and distortion, which are generally unfavorable factors for fatigue performance. Lombard et al. [60] investigated the effect of different rotational and traverse speeds (varied heat input) on the residual stress profiles in FSWed AA5083-H321 joints. They reported that the residual stresses were generally in tensile mode in the weld region. Moreover, the size of the residual stress area and maximum residual stress had a clear correlation with the heat input (i.e., the greater the heat input per unit length, the broader the residual stress profiles) [60]. Peel et al. [25] indicated that the residual stress distribution was associated with the welding speed in AA5083 FSW joints. As shown in Figure 11, by increasing the traverse speed, the peak stresses were formed adjacent to the weld line, implying a reduction in heat input. This led to a reduction in the width of the high-temperature zone around the tool [25]. Under this condition, the width of the high-temperature zone shrank, and the tensile stresses were reduced and limited to the softened weld zone. Thus, the higher the traverse speed (i.e., the lower heat input per unit length), the lower the distortion and residual stresses, and consequently, the better the fatigue performance [25,51,96].



FSW with improper welding parameters can result in a reduction in crack initiation life and fatigue strength due to the residual stress which affects crack growth across the weld line. Under compressive residual stresses, fatigue cracks are initiated, but the subsequent crack propagation is reduced, which leads to lower fatigue crack growth rates. However, the tensile residual stress accelerates along with the crack growth rates. Accordingly, fatigue cracks can be propagated if the crack length reaches the minimum threshold for growth under tensile stresses; in that case, the fatigue strength of the FSWed joint is reduced [2,45,51,110]. It is also worth mentioning that the wider, softened HAZ, induced by the higher heat input, adversely affects the fatigue performance of FSW due to higher distortion and stress concentrations [2,51,132].





3.2. Effect of Tool Pin Geometry


Tool geometry is one of the main process parameters that play a vital role in material flow and FSWed joint quality. The frictional heat generated during the mechanical stirring of the FSW process is correlated with the tool design [79,105,133]. The size of the weld zone (including SZ, HAZ, and TMAZ) and possible process defects are affected by tool geometry. Subsequently, apart from the rotational and traverse speeds, tool geometry critically influences the mechanical performance of FSWed joints in non-heat-treatable Al alloys [1,10,27,128]. The proper design of tool geometry, along with optimal welding parameters, can lead to sound and defect-free FSWed joints in H-temper Al alloys.



The tool geometry consists of a shoulder and a pin which have two primary functions: localized heating and material flow [1,134]. There are various tool pin shapes for the FSW process. As shown in Figure 12, the most common pin shapes for FSW of non-heat-treatable Al alloys are divided into two categories: cylindrical (with or without thread) and tapered/conical (with or without thread). In some cases, these types of tool pins are designed with flutes [47,48,135,136,137,138].



The impact of the pin threads on the FSWed joint quality was the basis of several research studies for non-heat-treatable Al alloys [99,137,138,139,140,141,142,143,144]. Fuji et al. [137] reported that, when the threaded cylindrical tool pin was used, the traverse speed of more than 300 mm/min (revolutionary pitch 0.2 mm/rpm) led to a crack-like defect in the FSWed joints of AA1050-H24, which remarkably reduced the tensile properties. However, FSW with the unthreaded tool pin resulted in defect-free welds and increased the strength in the studied range of the traverse speed (100–700 mm/min). Chandrashekar et al. [138] performed FSW on AA5083-H111 with three rotational speeds (600, 800, and 1000 rpm) and a constant traverse speed of 50 mm/min with tapered threaded and tapered unthreaded pins. According to their report, using the tapered threaded pin resulted in higher hardness and tensile strength for rotational speeds of 600 and 800 rpm compared to the tapered unthreaded pin. However, the FSW of AA5083-H111 with the tapered threaded pins at a rotational speed of 1000 rpm demonstrated lower hardness and tensile strength compared to tapered unthreaded pins [138]. Similar mechanical behavior has been reported by Kumar et al. [143] for FSW of AA5083 using both threaded and unthreaded tapered tool pins. Based on their efforts, the tensile strength of joints, welded by a threaded pin, was higher than the strength of unthreaded tool pins for rotational speeds of 900 and 1120 rpm. For higher rotational speeds (1400 and 1800 rpm), the tensile strength of joints welded by threaded pins indicated unfavorable results compared to unthreaded tool pins [143]. It has also been reported by [141] that the threaded pins at rotational speeds up to 1300 rpm made sound FSWed joints in the work-hardened AA1060 alloy.



The effect of using a threaded tool pin on various grades of non-heat-treatable Al alloys can be slightly different, but it can be generally advised to use a threaded tool pin for lower rotational speeds; according to several studies on FSW of non-heat-treatable Al alloys [48,137,138,143], using threaded welding tool pins (both taper and cylindrical shape) is only recommended when the rotational tool speed is less than about 1000 rpm. The threaded tool pins can result in FSWed joints with superior mechanical properties compared to joints welded using unthreaded tool pins. Using threaded tools for higher rotational speeds compromises the quality of the weld with defect formation in the stir zone as it generates severe turbulence in the material flow. Furthermore, using threaded tool pins is not advisable for FSW of strain-hardened Al alloys at high traverse speeds as it may provoke crack-like defects in the stir zone.



The effects of taper tool pins and their angle on the FSW of non-heat-treatable Al alloys have been widely studied [48,139,140,141,142,145]. Janeczek et al. [48] explored the influence of cylindrical threaded and tapered threaded tool pins on the mechanical properties of AA3004 FSWed joints. Based on their work, the cylindrical threaded and tapered threaded pins achieved a tensile strength of 198 MPa and 71 MPa and elongation of 12% and 3%, respectively, under the same welding conditions (welding speed 235 mm/min, rotational speed 475 rpm). The obtained mechanical properties were associated with proper heating and plastic deformation in joints processed by the cylindrical threaded pin, and voids formation in the joints made by tapered threaded pins. Due to the tapered shape of the pin and insufficient heat generation, the material could not be stirred well to obtain a consistent joint [48]. In contrast, Chupradit et al. [136] demonstrated that the higher mechanical works and lower heat generation of the high angle unthreaded tapered pin plays a positive role during the FSW process of 4 mm thickness AA5058 compared to the cylindrical one. As observed in Figure 13, they performed FSW with three tool pin designs and studied pin taper angle thermal effects of defect-free FSWed joints at the tool rotational and traverse speeds of 850 rpm and 30 mm/min, respectively. They observed the lowest temperature in both advancing and retreating sides of the defect-free joint when tool III (higher angle tool-Figure 13) was used [136]. It is considered an advantage if a defect-free joint is welded with a minimum temperature and heat generation due to its adverse effects on mechanical properties. The proper function of the unthreaded tapered pin on friction stir lap welding of AA5754-H22 thin sheets was observed by Costa et al. [140]. Unlike Chupradit et al., they reported that a tool pin with a lower taper angle (30°) resulted in better fatigue performance of FSLW of AA5754-H22. By using a tool pin with a lower taper angle (30°), the hooking defect, which is a common defect for FSLW, disappeared [2,140]. According to the literature review discussed above, the unthreaded tapered/conical pins provide better weld quality compared to unthreaded straight cylindrical tool pins in FSW of non-heat-treatable Al alloys, whereas the threaded tapered pin design is not recommended as it generates void defects. In addition, the appropriate angle of unthreaded tapered pins depends on joint type. For FSLW, the lower angle is helpful to control the hooking defect formation. The hooking defect is detrimental to the fatigue performance of the joints as it generates favorable conditions for crack initiation, growth, and propagation.



The asymmetric nature of the FSW process, caused by different strain rates and temperatures, has been widely reported. This phenomenon leads to stress concentration and distortion in the workpiece, and subsequently results in undesirable mechanical properties, especially fatigue performance [3,38,106,139,146,147]. Murshid Imam et al. [147] indicated that the temperature and effective strain distribution are higher and wider, respectively, on the advancing side (AS) than on the retreating side (RS) during the FSW of AA5086. The non-uniform distribution of microstructure and hardness during FSW of AA5086 has also been reported by Aval et al. [148]. Developing a suitable tool geometry can reduce this non-uniformity. For instance, Chupradit et al. [136] proposed that the internal heat distribution at a higher pin taper angle (60°), as shown in Figure 13, is symmetrical. In addition, a thermo-mechanical model was adopted by Zhang et al. [149] to investigate the effect of shoulder size on temperature distributions and material deformations. Based on their findings, the temperature distribution was nearly symmetric to the welding line when larger shoulder diameters (24 mm) were used; for the shoulder diameter of 16 mm and 20 mm, the temperature distribution was asymmetric [149].



The effect of flute tool pins on the quality of FSWed joints has also been another area of interest. Figure 14 displays examples of 1-flute, 2-flute, 3-flute, and 4-flute FSW tool pin designs [150]. Based on published results [12,47,51,138,150], the 3-flute pin has a better design relative to the other pin profiles. The joints produced with the 3-flute pin showed a suitable material intermixing and finer recrystallized grains in the stir zone resulting in better mechanical properties and joint efficiency. For instance, Kalemba-Rec et al. [47] reported that using the 3-flute pin not only led to a wider stir zone area, but also improved the tensile strength and weld efficiency (above 100%) compared to the threaded taper pin for FSWed joints of dissimilar 7075-T651 and AA5083-H111 [47]. However, optimized tool design is crucial if defect-free welds using a 3-flute pin are to be achieved. Hattingh et al. [150] noticed that the optimum tool design included three tapered flutes, a pin diameter taper, and a thread with a pitch of around 10% for the pin diameter and 15% for the plate thickness [150].



A few studies have also been conducted on other tool pin shapes, such as triangular, square, octagonal, hexagonal, and pyramidal, in the FSW of non-heat-treatable Al alloys [105,133,135,151,152]. Sagheer-Abbasi et al. [105] worked on the optimization of parameters for micro FSW of AA5052 using three tools with different geometries; square, triangle, and circle. They found that the square tool was the best among the examined tool profiles with respect to the weld strength (80% of base material) and production of defect-free joints [105]. Additionally, Shamsudeen et al. [133] similarly suggested that the tapered square tool pin profile could produce higher quality FSWed joints of AA5052 H32 compared to other tool designs, such as the hexagon, pentagon, cylinder, and triangle (Figure 15). Based on this research, the square pin tool results in finer grain size in the stir zone and consolidation of the material under the shoulder, leading to high-quality joints and superior tensile properties. Overall, the application of such tools has often been observed in friction stir processing for making sound aluminum matrix composites (AMCs) with uniform and refined microstructure [153,154,155,156].



Zhang et al. introduced a new approach to improve the mechanical properties of FSWed joints of ultra-thin AA1060 sheets with the shoulderless tool [157]. They reported that the shoulderless tool had advantages such as lower heat input, and provided better mechanical properties, with a welding speed of 140 mm/min and 11,000 rpm compared to conventional tools [157]. Nevertheless, the shoulderless tool cannot be a suitable option for thick sheets due to low friction and insufficient heat generation. As previously mentioned, the shoulder of the welding tool plays an essential role in heat generation and appropriate material flow.



Furthermore, the pin diameter of the welding tool has also been found to be an effective factor in the mechanical properties of FSWed joints [12,43]. The results of pin diameter variation on fatigue properties of FSWed lap joints on AA5754 Al alloy showed that increasing tool pin diameter for a fixed tool rotation decreased the fatigue strength of joints [43].




3.3. Effect of Tool Tilt Angle and Plunge Depth


Tool tilt angle relative to the workpiece surface is another important FSW process parameter that should be considered for producing defect-free joints with better mechanical properties and fatigue life. A proper tilt angle moves material efficiently from the front to the back of the pin and prevents the formation of weld defects [1,44,50,158]. Barlas et al. [129] indicated that changing the tool tilt angle and tool rotation direction with the same tool geometry resulted in different weld nugget zone shapes in AA5754 FSWed joints [129]. In addition to the tool geometry, a right tool tilt angle can lead to better symmetry in the weld area, which results in lower distortion and stress concentration and higher fatigue resistance.



Chekalil et al. [158] investigated the effect of tool tilt angle (i.e., 0.5, 1.5, 2.5°) on the mechanical behavior of FSWed joints of AA3003 alloy. The results showed that the tensile and yield strengths of the welded joints with a tool tilt angle of 0.5° and 1.5° were slightly different; however, increasing the tool tilt angle to 2.5° led to a considerable decrease in the tensile and yield strengths [158]. Furthermore, the effect of tilt angle on microstructure and mechanical properties of dissimilar AA5083 and AA6061 FSWed joints demonstrated that the tilt angle of 3° led to the optimal hardness and microstructure results. The lower tilt angle (0–2°) resulted in a tunnel defect, and the higher tilt angle (4°) caused grain growth and dissolution of strengthening precipitates in AA6061 [159]. Furthermore, Dialami et al. [50] observed that the tool tilt angle increased the temperature in the weld area and facilitated the material flow [50].



Based on these studies, to produce high-quality FSW joints in work-hardened Al alloys, the specific tool tilt angle cannot be generalized to all cases. The tool tilt angle highly depends on the tool pin design. For instance, the volume of the stirred material by the threaded or unthreaded pin is different and needs a suitable tilt for holding stirred materials with the shoulder and then moving material efficiently from the front to the back of the pin. The threaded pins can effectively facilitate the mixing of materials and expand the material flow zone, which improves the mechanical properties [2,27,160]. Consequently, irrespective of other welding parameters, threaded pins demand a higher tool tilt angle compared with unthreaded pins. The tool tilt angle is responsible for a circle of corrugated friction surface defects [44]. Surface defects are often the site of fatigue crack initiation. The appropriate tool tilt angle creates a suitable corrugated arrangement and smooth weld surface with sufficient roughness, which improves fatigue performance [44].



Moreover, the plunge depth, which is associated with the pin height, is important for producing sound welds with a smooth surface. If the plunge depth is too shallow, the shoulder of the tool does not contact the workpiece surface efficiently. Subsequently, the material cannot be sufficiently plasticized and stirred on the complete surface of base metals, resulting in the generation of welds with inner channels or surface grooves. The heat generation in the process is due to the frictional action deriving from the contact between the tool and the workpieces. Thus, it is essential to ensure that the heat available during welding is sufficient to soften the base metal and progress it to a stage where it can flow. On the other hand, if the plunge depth is too deep, the higher amount of heat input can cause some process defects, such as local thinning of the welded plates and excessive flashes, to be formed. These process defects compromise the mechanical properties, especially in cyclic loads [1,27,48,52]. A high tilt angle usually leads to extreme shoulder plunge depth, which is the main reason for weld thinning and excessive flash in FSWed joints. It is destructive to joint integrity, leading to stress concentrations and fatigue damage [26,27]. Furthermore, it is reported that the “kissing-bond” phenomenon, a serious defect related to the oxide layer, is a partial remnant of the unwelded (lack of fusion) butt surface below the stir zone, which itself is attributed to the insufficient plunging of the welding tool during FSW [52,161].



It is well documented that, with increases in plunge depth, the temperature increases. This is because of the larger area of contact which is formed with increasing plunge depth and friction. Increasing the plunge depth more than the optimal range does not have a significant effect on the maximum temperature and mechanical improvement role in the weld zone. This is due to the thermal stabilization in the FSW process. The increase in temperature reduces the flow stress of the material, and because of this, the rate of heat generation, associated with friction and work hardening, is also reduced [52,95].





4. Incorporation of Reinforcement Particles


Friction stir processing (FSP), developed based on the basic concept of FSW, has been extensively employed to produce aluminum matrix surface composite by adding reinforcement particles [1,29]. However, efforts to use reinforcement particles for improving the mechanical properties of H-temper non-heat-treatable Al alloys FSWed joints were limited.



The additions of various reinforcement particles have been introduced as an improvement strategy for increasing the mechanical properties of FSWed joints of strain-hardened Al alloys. For instance, the effects of TiC [162], TiO2 [163], and SiC [164] nanoparticles, Cu and pre-mixed Cu-Al Powder [56,165], Al3Sc compound [166], and inserting Cu foils [167] on the mechanical properties of FSWed joints of Al alloys have been previously investigated. All of these studies have unanimously reported that the incorporation of reinforcement particles into the gap between two sheets strengthens the stir zone’s mechanical properties, provided that appropriate welding parameters are chosen. The uniform distribution of the particles in the microstructure of the joint plays a critical role in achieving a high-quality weld. Rotational and traverse speeds, the number of FSW passes, and the direction of the multi-passes are the most common variables that have been studied on FSW non-heat-treatable Al alloys with the addition of reinforcement particles. Subsequently, the significant effects of these parameters on mechanical properties (hardness, tensile strength, and fatigue) have been well documented [56,162,165,168].



According to the literature, the variation in reinforcement particles’ size and shape are observed by changing the introduced welding parameters in the weld zone. When the rotational speed increases and traverse speed decreases, not only is a uniform distribution of particles achieved, but also reinforcement particles become finer [56,165,168].



The positive influence of the multi-pass of FSW, in the same or the opposite direction of the first pass, was reported. The multi-pass is the repetition of the FSW process (two or more times) on the same joint line. Under these circumstances, the uniform and symmetrical distribution of particles are formed, and the agglomeration of particles is considerably reduced in the weld zone. Moreover, it is beneficial for the formation of more in situ intermetallic reinforcement due to proper interaction between particles and the Al matrix [56,163,165,167].



The effects of reinforcement particles on mechanical properties are reviewed more comprehensively in the following sections. To better explain the topics, examining the work performed on friction stir processing (FSP) with a similar base metal was required.



4.1. Effect of Reinforcement Particles on Hardness


The influence of reinforcement particles on hardness has been investigated in the multi-pass FSW of work-hardened Al alloys. Overall, the low hardness of the FSWed joints of non-heat-treatable, stain-hardened Al alloys, resulted from the softening mechanisms during FSW, which was overcome by embedding reinforcement particles in the stir zone (nugget zone).



Abnar et al. [56] investigated the effect of incorporating Cu powder on the microstructure and mechanical properties of FSWed joints of AA3003-H18. As observed in Figure 16, the hardness in the cross-section of the joints was uniformly distributed at a rotational speed of 1200 rpm and travel speed of 100 mm/min after Forward-Backward (FB) passes. This was attributed to the Al-Cu in situ intermetallic compounds which were more uniformly dispersed in the Al matrix compared to the low rotational speeds (800 and 1000 rpm) [56]. The increase in the rotational speed and performing the second pass (Forward-Forward or Forward-Backward) led to more interactions between unreacted Cu particles and the aluminum matrix, thus facilitating the formation of the intermetallic compounds [56,169,170,171]. In another attempt, it was shown that embedding premixed Al-Cu powder rather than Cu powder yields a much more uniform hardness profile due to the uniform distribution of Al-Cu intermetallic compounds, such as Al2Cu and AlCu [165].



The incorporation of ceramic nanoparticles is another reinforcement option. The effect of TiO2 nanoparticles on the microhardness profiles of AA5083 FSWed joints showed that the average hardness of the stir zone increased as the number of passes increased. This was due to a decrease in the grain size and a better distribution of the TiO2 nanoparticles in the AA5083 microstructure. The best result for hardness was reported for four pass samples, which were increased by approximately 121 HV compared to the parent metal [163]. In a similar approach, Srivastava et al. [164] studied the effect of Nano-sized SiC particles during the FSW of AA5059-O. They indicated an increase of ~55% in microhardness values in the stir zone relative to the base metal. As the number of FSW passes increased, the heterogeneity of the microhardness profile decreased, and its value increased in the stir zone. Having multiple FSW passes minimized the agglomeration of SiC particles and led to the uniform dispersion of SiC particles [164].



The FSW of AA5083-H111 and AA6082-T6 was also evaluated with TiC nanoparticles. It was demonstrated that the microhardness of the stir zone increased (~18%) after three welding passes due to the TiC nanoparticle reinforcement compared to the hardness of the stir zone of the unreinforced specimen [162].



The strategy of using reinforcement particles in FSW of strain-hardened Al alloys to achieve an increased and uniform hardness with less fluctuation is practical only for the stir zone if the revolutionary pitch (ratio of traverse speed to rotational speed) is kept as low as possible and the multi-pass FSW is used. Although the lower revolutionary pitch and the multi-pass improve the hardness of the stir zone, these circumstances adversely affect the hardness of HAZ due to excessive heat input and annealing. As observed in Figure 16, even though two FSW passes (FB) and a higher rotational speed (1200 rpm) uniformly distribute hardness along the stir zone, the HAZ hardness has the lowest value. For such alloys, the optimum result is achieved by considering the HAZ cooling system, such as water spray, copper backing, or underwater FSW, which are discussed in the following sections.




4.2. Effect of Reinforcement Particles on the Tensile Strength


Mirjavadi et al. [163] reported that the incorporation of TiO2 nanoparticles into AA5083 FSWed joints led to an increase in results of transverse tensile strength relative to samples without TiO2 nanoparticles. They observed that the tensile strength was improved by completing up to four passes of the FSW. Grain refinement, generation of dislocations by thermal mismatch, and work hardening caused by the strain differences were all identified as mechanisms that strengthened the Al matrix containing TiO2 reinforcing particles [163]. According to the study conducted by Khodabakhsh et al. [172], solid-state chemical reactions between TiO2 nanoparticles and the Al-Mg (AA5052) matrix led to in situ formations of Al3Ti and MgO nanoparticles. Accordingly, it is expected that, in addition to TiO2 nanoparticles, other compounds (Al3Ti and MgO) affect the mechanical properties of AA5083 FSWed joints. In another study, it was reported that the embedding of SiC nanoparticles during the FSW of AA5059 led to a higher ultimate tensile strength (342 MPa) value compared to the base metal (321 MPa). Based on this work, multiple FSW passes had a significant impact on enhancing the dispersion of SiC particles and UTS [164].



Furthermore, Hassanifard et al. [167] performed FSW on AA1060-H16 by inserting thin Cu foil with a thickness of 100 and 200 µm between two sheets. Based on their report, the transverse tensile strength was increased by inserting both 100 and 200 µm Cu foil compared to an as-welded sample (without Cu foil). It was observed that copper foil with a thickness of 100 µm resulted in higher tensile strength (101 MPa) than 200 µm thickness (88 MPa). The thicker copper foil caused the excessive formation of the brittle intermetallic compound in the stir zone [167]. The positive effect of TiC nanoparticles on the transverse tensile strength of dissimilar FSW between AA5083-H111 and AA6082-T6 was also suggested [162].



Nevertheless, some studies provided conflicting discussions regarding the transverse tensile strength of reinforced FSWed joints. From their perspective, incorporating reinforcement particles in the FSW of work-hardened Al alloys can only improve the longitudinal tensile strength and does not affect the transverse tensile properties [165]. As observed in Figure 17, the tensile test can be performed in two directions for welded joints: longitudinally (along the weld metal) or transversely (perpendicular to the welding line). In the longitudinal tensile test, the strength only depends on the weld metal properties because the entire test samples are machined from the reinforced stir zone. In other words, the longitudinal tensile test samples are metal matrix composites reinforced by in situ intermetallic compounds or ceramic particles. On the other hand, in the transverse tensile test, the strength depends on the weakest area, which is mostly HAZ in work-hardened aluminum alloys [165,173,174]. According to this view, the proper uniformity of reinforcement particles caused by effective welding parameters (high rotational speeds, low transverse speeds, and multi-pass FSW) only affects the longitudinal tensile strength. The transverse tensile strength is often affected by the mechanical properties of other zones, especially HAZ where reinforcement particles are not embedded. Consequently, increasing the transverse tensile strength depends on strengthening both the stir zone and HAZ in the FSW of H-temper non-heat-treatable Al alloys. As formerly mentioned, the strength of the heat-affected zone (HAZ), as the weakest area, can be controlled by applying an appropriate cooling system, such as water spray, Cu backing, or underwater FSW.



The unfavorable effects of particle clustering and agglomeration on the tensile properties of Al FSWed joints have been frequently reported for the technique of embedding reinforcement particles [56,162,163,168]. To make this approach more effective for tensile strength, the agglomeration must be crushed during FSW. Figure 18 shows the cross-sections of the FSWed joints of AA3003-H18 obtained after adding the copper powder to the gap with two base plates. When the rotational speed was low (800 rpm), large clusters and cavities were formed in the joints due to a lack of sufficient plastic flow and materials mixing, as shown in Figure 18a–c. This defect not only adversely affected the tensile properties, but also shifted the fracture location of the tensile specimen into the stir zone. As shown in Figure 18i, increasing the rotational speed up to 1200 rpm and using two FB passes resulted in a uniform distribution of reinforcement particles in situ Al-Cu intermetallic compounds) without particle agglomeration, achieving higher tensile properties [56].



Additionally, the powder mixture used for FSW of AA3003-H18 had an impressive effect on the tensile properties of welded joints. Figure 19 shows the effect of using pure Cu and premixed Al-Cu at various rotational speeds on the microstructure of FSWed joints. As observed in Figure 19d–f, using premixed Al-Cu provided a more uniform distribution of Cu and in situ Al-Cu intermetallic compounds throughout the stir zone at various rotational speeds. On the other hand, the use of pure Cu powder led to the formation of adverse Cu clusters in the stir zone due to cold welding and mechanical interlocking of particles that were more noticeable at low rotational speeds [Figure 19a–c] [165].



To improve the mechanical properties of H-temper Al alloys with the reinforcement particles strategy, particle agglomeration must be removed as much as possible by utilizing techniques, such as applying multi-pass FSW, decreasing revolutionary pitch, and using mixed powder.





5. Development of Underwater Friction Stir Welding (UFSW)


Many researchers attempted to solve the softening problem in the FSW joint of the work-hardened Al alloys by decreasing the rotational speed and/or increasing the traverse speed. Although this approach reduces the heat input, defects are easily formed at very low rotational speeds or high traverse speeds. Thus, additional cooling is an effective way to reduce heat input during FSW due to the limitation of change in these parameters. [110,175,176,177].



It is well documented that water cooling is a successful technique for improving the quality of the non-heat-treatable Al alloy FSWed joints. Underwater friction stir welding (UFSW) or submerged friction stir welding (SFSW) greatly reduces and controls the temperature and the heat input in the weld area and subsequently enhances the tensile properties, hardness, and fatigue strength of the FSWed joints [48,58,110,178,179,180,181]. Although water cooling is the most efficient and low-cost method that has attracted more attention, other cooling mediums, such as compressed air, liquid nitrogen, water spray, and dry ice, have also been used to reduce the heat input of the FSW process [175,180,182,183]. An overview of the water-cooling effects on the mechanical properties of FSWed joints of non-heat-treatable Al alloys is presented in subsequent sections.



5.1. Effect of UFSW on the Hardness


The UFSW of non-heat-treatable Al alloy has been explored to overcome the problem of losing hardness in different microstructural zones. It has been observed that, by applying water cooling, the FSW AA5083-H19 joints lead to the narrowing of the lowest hardness zone (LHZ) and increasing the average hardness of the weld area, especially the stir zone or NZ [175]. Figure 20a shows the microhardness profiles of defect-free welds at 800 and 200 rpm with (W) and without (A) using water cooling in AA5083-H19 FSWed joints. As shown in Figure 20a, the width of LHZ reduces to approximately 10 mm, and the lowest hardness value increases to nearly 90 HV for W-800 compared to A-800. In addition, the higher hardness value (~137 HV) is achieved under rapid water cooling at a very low rotation rate of 200 rpm (W-200) in the stir zone which is slightly higher than the base metal. It is due to the much-refined grain size and higher dislocation densities in the stir zone [175]. Figure 20b shows the correlation between the average grain size and the hardness value in the stir zone of various samples. The hardness value (HV) increases with decreasing grain size. According to the results, the average grain size was decreased from 1.8 µm to 0.8 µm using water cooling at a rotational speed of 200 rpm in AA5083-H19 FSWed joints [110,175]. According to Figure 20a (W-200), there was no significant softening effect in the HAZ which was attributed to the considerably decreased peak temperature and duration time at the high temperatures. In other attempts, similar behaviors were reported for hardness and grain size. For instance, Tan et al. [59] studied the microstructure and mechanical properties of AA3003 FSWed joints by using 20 °C and 0 °C water. Compared with conventional methods (FSW in the air), using a water-cooling medium and decreasing the water temperature from 20 °C and 0 °C increased the average hardness value in the stir zone of as-received AA3003, as depicted in Figure 21. They also correlated the increase in hardness with the decrease in grain size of the AA3003 FSWed joints microstructure. Additionally, the width of the HAZ and hardening zone decreased with decreasing the welding ambient temperature from 20 °C and 0 °C [59].



As a result, applying UFSW, which concentrates the heat under the welding tool, not only increases the hardness of the weld area, but also decreases the width of HAZ and SZ in non-heat-treatable Al alloys. The high cooling rate of UFSW does not provide adequate time for the grains to grow in the weld zone [184,185].




5.2. Effect of UFSW on Tensile Strength


Several studies have shown that cooling media significantly improve the tensile properties of FSW joints so that underwater samples of FSW have strength very similar to base metal samples [41,58,180,186].



Heirani et al. [184] studied the microstructure and mechanical behaviors of UFSW on AA5083. They revealed that the water cooling showed an increase in the tensile strength due to the increased hardness in the SZ resulting from an ultrafine-grain structure. The strength improvement is attributed to high resistance to uniform plastic deformation during the experiment of defect-free FSWed joints [184]. Additionally, Wang et al. [175] achieved defect-free FSWed joints of AA5083-H19 at 800 and 200 rpm with and without applying water cooling. In their work, UFSW at a rotational speed of 200 rpm leads to high tensile strength (403 MPa) with nearly equal strength to the BM (425 MPa) due to the significantly reduced softening, while FSW at the same rotational speed achieves a tensile strength of 344 MPa [175]. Moreover, as observed in the engineering stress-strain curves of Figure 22, water flow and a decrease in temperature from 20 °C to 0 °C increased the tensile properties of FSWed joints for hot bands of AA3003. The increase in tensile properties of strain-hardened Al alloys was mainly caused by grain refinement. Grain boundaries usually act as a strong barrier to the transmission of slip from one crystal to its neighbor during deformation, leading to an increase in the tensile strength and yield strength of the weld zone [59].



Despite the significant effect of UFSW on increasing the tensile strength of joints, researchers were challenged when attempting to apply it. The studies on UFSW of work-hardened Al alloys revealed that higher rotational speed is required to produce high-quality and defect-free welds compared to normal FSW. Kishta et al. [185] worked on underwater FSW of AA5083 at various rotational speeds (1000, 1500, and 1700 rpm) and traverse speeds of 75 mm/min. They observed that the UFSW joint at 1000 rpm showed lower tensile strength than that of the normal FSW joint. According to their findings, at 1000 r/min, the heat input to the weld was insufficient to soften the metal, producing a defective weld, while during normal FSW (in the air), a rotational speed of 1000 r/min applied enough heat to soften and properly stir the material (Figure 23). Under this condition, the UFSW sample is subjected to a very low peak temperature and a higher cooling rate relative to the FSW sample. UFSW requires a rotational speed of 1700 r/min to produce a good-quality weld [185]. Similar observations were reported by Shanavas et al. [187] for UFSW of AA5052 at tool rotational speeds of 500, 600, 700, 800, and 900 rpm. They demonstrated that the tensile strength of the UFSW joint was higher than that of normal FSWed joints, except at 500 rpm. At a rotational speed of 500 rpm, the heat input is not enough to achieve defect-free joints, resulting in reduced tensile strength compared to conventional FSW [187].




5.3. Effect of UFSW on Fatigue Life


In most FSW structures, such as aerospace, marine, and transport vehicles, the different parts are highly subjected to cyclic stress and strains resulting in fatigue and cyclic deformation [58].



There are several factors affecting the fatigue behavior of the FSWed joints such as welding parameters (heat input), welding defects, surface roughness, and residual stresses. In general, for defect-free joints, the fatigue cracks are initiated by the local deformation in the softened area, derived from the annealing effect during the FSW process [44,110,111]. Therefore, it is essential to improve the hardness and strength of the softened zone of FSWed joints to achieve high fatigue strength. Using water cooling is a novel and high-efficiency approach to achieving high fatigue strength in FSWed joints of non-heat-treatable Al alloys [59,110,180]. Moreover, the UFSW results in lower heat input, leading to lower residual stresses and less distortion which are usually favorable conditions for fatigue performance [25,33,60,184]. Wang et al. [110] indicated that applying water cooling at a rotational speed of 200 rpm led to an FSW joint with fatigue strength equal to the base metal in AA5083-H19 rolled plates. Based on their work, the fatigue limit increased from 180 MPa to 240 MPa using water cooling at a rotational speed of 200 rpm in AA5083-H19 FSWed joints [110].





6. Other Approaches


Other supplementary approaches to improve the quality of FSWed joints of work-hardened Al alloys include surface modification, Bobbin tool FSW, Cu backing, and double-sided friction stir welding (DS-FSW), which are briefly discussed below.



6.1. Surface Modification


To improve fatigue life, surface treatments are offered to increase the fatigue properties of non-heat-treatable FSWed joints. Mechanical machining of the surface marks is suggested to achieve a consistent and smooth weld surface [44,61,62]. James et al. [96] reported that for the as-welded specimens of AA5383-H321, the crack initiation was often related to surface tool rotation marks, but for the case of surface polished specimens, crack initiation reflected either slip band cracking or small internal voids during the test [96].



Furthermore, some techniques were introduced as mechanical surface modifications that can reduce the residual stress levels or apply compressive stresses that offer powerful enhancement of fatigue properties of FSWed joints [2,188,189]. Soyama et al. [188] reported the beneficial effect of cavitation peening on the fatigue properties in the FSW of AA5754 by introducing compressive residual stress into the FSWed part.




6.2. Bobbin Tool FSW


In conventional tool friction stir welding (CT-FSW), only one shoulder and one pin are used. In addition, a backing plate, which is often steel, supports the workpiece to prevent physical deformation or distortion of the welds. One of the disadvantages of CT-FSW is insufficient tool penetration or lack of penetration (Figure 24). This root defect is caused by inadequate tool stirring at the root region of the joint, which adversely affects the weld quality. A new technique has been developed to solve these problems, which is a variant of FSW called the Bobbin tool FSW (BT-FSW) [26,27,63,80]. The bobbin tool is equipped with an additional shoulder that is fastened to the tip of the pin and is known as the lower shoulder (Figure 25) [190,191]. This technique allows an effective stirring action and enough movement around the pin from the top to the bottom of the workpiece along the weld joint line [27,192]. Symmetric features of BT-FSW in the joint’s thickness direction are considered one of its main advantages compared to the CT-FSW in terms of frictional heat distribution, material flow, and uniformity of micro and macrostructure [190,191,192,193].



Although most of the studies on the BT-FSW are related to heat-treatable alloys, it is expected that the implementation of this approach on non-heat-treatable Al alloys makes it possible to obtain superior mechanical properties in welded joints.




6.3. Cu Backing


As previously discussed, further cooling is a useful strategy for reducing the heat input as well as the softening effect during FSW of work-hardened Al alloys. A Cu backing plate can be used to accelerate heat flow, leading to faster cooling of the FSW [64,194]. Shukla et al. [194] studied the grain size dependence of the fatigue properties of FSW of AA5024 with and without using Cu backing. According to their report, applying Cu backing resulted in the smallest grain size, superior tensile properties, and longer fatigue life in comparison with the samples welded without Cu backing [194]. However, some studies did not recommend Cu backing. According to their argument, materials with high thermal conductivity are not appropriate as a backing because they make it easier for a void defect to form during FSW; as Cu causes an excessive heat output at the bottom of workpieces, it is considered inappropriate. To compensate for this effect, increasing the rotational speed is required [65,195].




6.4. Double-Sided Friction Stir Welding (DS-FSW)


There is a risk of distortion and stress concentration in the FSW joints due to the asymmetric and non-uniform mechanical properties in the joints. This non-uniformity in the welding lines is mostly revealed by the asymmetry of microhardness. Several investigations on FSWed joints of non-heat-treatable Al alloys, such as 1050-H24 [31,196], 1100-H14 [107], 3003-H8 [38], and 5083 [139,146], 5086 [148], suggested that a minimum hardness is often located in the advancing side.



Double-sided friction stir welding (DS-FSW) of the non-heat-treatable Al alloy has been proposed to achieve a defect-free joint with a symmetric microstructure and desirable tensile properties, especially for thicker plates, as shown in Figure 26 [10,15,197,198]. DS-FSW has little effect on increasing the average hardness of the weld area compared to one-sided FSW, but it causes symmetry of the hardness on both the advancing side (AS) and retreating side (RS) in FSW of Al alloys. In addition, double-sided welds with the same direction (both passes start from the same end) provide higher strength than one-sided welds [66,107,161].





7. Future Outlooks


To determine the joint efficiency, i.e., the ratio between the tensile strength of the welded joint and the unwelded base metal, the transverse tensile strength is considered. Therefore, to reach the optimal mechanical properties with the highest joint efficiency in FSWed joints of work-hardened non-heat-treatable Al alloys, it is critical to implement approaches that reinforce all weld zones (SZ, HAZ, and TMAZ), not just one area. Currently, available works have mostly focused on a specific approach to increasing joint efficiency; for instance, changing the rotational/traverse speeds or tool design. More research is needed to combine the various methods used to strengthen the weld zone. For example, one technique is used to augment the mechanical properties of HAZ/TMAZ and another is applied to the reinforcement of the stir zone with metal or ceramic particles. Some of these combinations can be “UFSW/Water spray + Optimal rotational and traverse speeds”, “UFSW/Water spray + reinforcement particles”, “DS-FSW + Reinforcement particles”, “BT-FSW+ UFSW/Water spray”, etc.




8. Summary


On one hand, heat input is responsible for reducing the mechanical properties of work-hardened non-heat-treatable Al alloys in FSWed joints due to the severe softening, but on the other hand, the heat input is essential for making a defect-free joint. Accordingly, there are challenges associated with the use of these alloys. This comprehensive review attempts to present the various strategies for improving the quality of FSW joints in these alloys. The main conclusions of this study are as follows:




	
Increasing the ratio of traverse to rotational speed (revolutionary pitch) can lead to three consequences: less softening effect, more defect formation (tunneling, hooking, and kissing bonds), and less distortion.



	
Low softening caused by less heat input leads to an increase in the mechanical properties of the defect-free FSWed joint. However, insufficient heat input increases the risk of defect formation. Furthermore, the distortion and unfavorable residual stress, as factors affecting fatigue performance, are limited by low heat input in FSWed joints of non-heat-treatable Al alloys. Therefore, to achieve a high joint quality with minimum softening, defects, and distortion, the rotational and traverse speeds must be optimized.



	
Proper tool design allows for the creation of defect-free joints in the FSW of non-heat-treatable Al alloys. Threaded pins (both taper and cylindrical shapes) are recommended for lower tool rotational speed. Due to severe turbulence in the material flow, using threaded tools at higher rotational speeds compromises the quality of the weld. Furthermore, unthreaded tapered (conical) pins offer better weld quality than straight cylindrical ones. The modified 3-flute pin is an effective design which enhances joint efficiency. In addition, the square pin design produces higher quality FSWed joints relative to other polyhedral shapes.



	
The tool tilt angle, depending on the pin design, is responsible for the corrugated friction surface defects that often lead to fatigue cracks. Threaded pins demand a higher tool tilt angle in comparison with unthreaded pins. Additionally, a high tilt angle leads to negative shoulder plunge depth which results in weld thinning and excessive flash in FSWed joints. Too shallow of a plunge depth creates insufficient plasticized materials, leading to inner channel defects or surface grooves. Too deep of a plunge depth establishes the local thinning and improper flash, resulting in stress concentration and low fatigue life.



	
Embedding reinforcement particles into the Al matrix during FSW is a progressive method to increase the hardness and longitudinal tensile test of the stir zone in work-hardened Al alloys. These particles can be ceramic, such as TiC and TiO2, or in situ compounds made with metal powder (such as Cu). The lower revolutionary pitch and the multi-pass FSW prevent the agglomeration of powder and make a uniform distribution of reinforcement particles with further abrasion and crushing in the microstructure. Using reinforcement particles would be effective if cooling of HAZ is in progress. Forward-Backward (FB) multi-pass is not only an effective approach to obtain uniform and symmetrical dispersion of reinforcement particles with minimum agglomeration, it also facilitates the formation of the intermetallic compounds in the stir zone when the metal powder is used.



	
Water cooling during FSW (underwater FSW) is a successful method to increase the hardness and strength of the non-heat-treatable Al alloy joints due to a decrease in the average grain size in the different weld areas. The UFSW requires a higher rotational speed to produce high-quality and defect-free welds compared to the conventional process. Because the fatigue cracks may be initiated by the local deformation in the softened area, applying water cooling would be a high-efficiency approach to achieving high fatigue strength in a FSWed joints. Moreover, joints with lower residual stresses and less distortion are a notable benefit of UFSW compared to normal FSW.



	
Other measures are implemented to achieve the high joint quality in FSW of work-hardened Al alloys. Polishing, machining, and peening improve fatigue performance by smoothing the surface and introducing compressive residual stress. In addition, the defects of the conventional FSW process (e.g., insufficient tool penetration and other root flaws) can be resolved by using the bobbin tool. Furthermore, asymmetric properties of FSWed joints in thick plates are minimized by using a double-sided FSW process, decreasing the distortion and stress concentration of the welded joint. The utilization of a high thermal conductivity metal, such as Cu, as a backing plate is another method of effective cooling to control excessive heat input and produce a softening effect.
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Figure 2. A common cross-section of FSWed joints that shows SZ, TMAZ, HAZ, and BM. Dotted and dashed lines indicate the outer boundaries of TMAZ and HAZ [29]. Reprinted under the CC BY 4.0 License. 
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Figure 3. Variations in ultimate tensile strength and elongation of FSWed joints of 1XXX pure Al alloy in as-welded (work hardened) and annealed conditions versus rotation speed [42]. Reprinted from: Thermal stability during annealing of friction stir welded aluminum sheet produced by constrained groove pressing, Materials & Design 45 (2013): 222–227, Khorrami, M. Sarkari, M. Kazeminezhad, and A. H. Kokabi, Copyright 2012, with permission from Elsevier. 
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Figure 4. Optical microscope images and average grain size values of HAZ in FSW joint of AA3003-H18 at various rotation and travel speeds: (a) 800 r/min, 40 mm/min; (b) 800 r/min, 70 mm/min; (c) 800 r/min, 100 mm/min; (d) 1000 r/min, 40 mm/min; (e) 1000 r/min, 70 mm/min; (f) 1000 r/min, 100 mm/min; (g) 1200 r/min, 40 mm/min; (h) 1200 r/min, 70 mm/min; (i) 1200 r/min, 100 mm/min [38]. Reprinted from: Effects of heat input in friction stir welding on microstructure and mechanical properties of AA3003-H18 plates, Transactions of Nonferrous Metals Society of China 25, no. 7 (2015): 2147–2155, Abnar, B., M. Kazeminezhad, and A. H. Kokabi, Copyright 2015, with permission from Elsevier. 
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Figure 5. The effect of rotational and linear speed (traverse speed) on the size of HAZ in the FSW of AA5052-H18 [103]. Reprinted from: Friction Stir Welding of 5052-H18 aluminum alloy: Modeling and process parameter optimization. Journal of Materials Engineering and Performance 30 (2021): 1838–1850, Mohammadi Sefat, Mohammad Javad, Hadi Ghazanfari, and Carl Blais. Copyright 2021, with permission from Springer Nature. 
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Figure 6. Fatigue performance of FSW lap joints was obtained with (a) 3 mm (b) 4 mm, and (c) 5 mm pin diameter and different tool rotations [43]. Reprinted from: Effects of tool rotation and pin diameter on fatigue properties of friction stir welded lap joints, The International Journal of Advanced Manufacturing Technology 36 (2008): 877–882, Kulekci, Mustafa Kemal, Aydin Şik, and Erdinç Kaluç. Copyright 2006, with permission from Springer Nature. 
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Figure 7. Cross-section of the defective welds with rotational and traverse speeds of (a) 500 rpm, 41.5 mm/min; (b) 500 rpm, 80 mm/min; (c) 500 rpm, 125 mm/min; (d) 800 rpm, 41.5 mm/min; (e) 800 rpm, 80 mm/min; (f) 800 rpm, 125 mm/min; (g) 1600 rpm, 41.5 mm/ min; (h) 1600 rpm, 80 mm/min; (i) 1600 rpm, 125 mm/min [106]. Reprinted from: Study on the effects of friction stir welding process parameters on the microstructure and mechanical properties of 5086-H34 aluminum welded joints. The International Journal of Advanced Manufacturing Technology 83 (2016): 611–621, Mohammadzadeh Jamalian, H., M. Farahani, M. K. Besharati Givi, and M. Aghaei Vafaei, Copyright 2015, with permission from Springer Nature. 
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Figure 8. (a) Cross-section of the as-polished weld and (b) Optical micrographs of the welds produced by two welding parameters before and after etching [122]. Reprinted from: Characteristics of the kissing-bond in friction stir welded Al alloy 1050. Materials Science and Engineering: A 405, no. 1–2 (2005): 333–338, Sato, Yutaka S., Hideaki Takauchi, Seung Hwan C. Park, and Hiroyuki Kokawa, Copyright 2005, with permission from Elsevier. 
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Figure 9. (a) Diagram of FSLW [124] (b) Hooking defects on the advancing and retreating sides in lap welds between 5 mm-thick AA5456-H321 and 2.5 mm-thick AA5456-O [127]. Figure 9a reprinted from: Seam-tracking for friction stir welded lap joints. Journal of materials engineering and performance 19 (2010): 1128–1132, Fleming, Paul A., Christopher E. Hendricks, George E. Cook, D. M. Wilkes, Alvin M. Strauss, and David H. Lammlein, Copyright 2010, with permission from Springer Nature. Figure 9b reprinted from: Effect of process parameters on the macrostructure and defect formation in friction stir lap welding of AA5456 aluminum alloy. Measurement 76 (2015): 62–69, Shirazi, H., S. H. Kheirandish, and M. A. Safarkhanian, Copyright 2015, with permission from Elsevier. 
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Figure 10. Surface defects in FSW butt joint (a) roughness display of weld from [61], (b) flash on the surface of the joint [130]. Figure 10a reprinted from: On the fatigue behavior and design curves of friction stir butt-welded Al alloys. International Journal of Fatigue 27, no. 3 (2005): 305–316, Lomolino, S., R. Tovo, and J. Dos Santos, Copyright 2005, with permission from Elsevier. Figure 10b reprinted from: Three defect types in friction stir welding of aluminum die casting alloy. Materials Science and Engineering: A 415, no. 1–2 (2006): 250–254, Kim, Y. G., H. Fujii, T. Tsumura, T. Komazaki, and K. Nakata, Copyright 2006, with permission from Elsevier. 
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Figure 11. (a) Longitudinal and (b) transverse residual stresses as a function of welding speed lateral distance from the weld line for each weld [25]. Reprinted from: Microstructure, mechanical properties, and residual stresses as a function of welding speed in aluminum AA5083 friction stir welds. Acta materialia 51, no. 16 (2003): 4791–4801, Peel, M., A. Steuwer, M. Preuss, and P. J. Withers, Copyright 2003, with permission from Elsevier. 
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Figure 12. Schematic of common tool pin shapes in FSW of non-heat-treatable aluminum. 
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Figure 13. Schematic view and image of used tapered (center and right) and straight cylindrical (left) tools in this study [136]. Reprinted under the CC BY 4.0 License. 
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Figure 14. Examples of 1-flute, 2-flute, 3-flute, and 4-flute FSW tool design [150]. Reprinted from: Characterization of the influences of FSW tool geometry on welding forces and weld tensile strength using an instrumented tool. Journal of materials processing technology 203, no. 1–3 (2008): 46–57, Hattingh, D. G., C. Blignault, T. I. Van Niekerk, and M. N. James, Copyright 2008, with permission from Elsevier. 






Figure 14. Examples of 1-flute, 2-flute, 3-flute, and 4-flute FSW tool design [150]. Reprinted from: Characterization of the influences of FSW tool geometry on welding forces and weld tensile strength using an instrumented tool. Journal of materials processing technology 203, no. 1–3 (2008): 46–57, Hattingh, D. G., C. Blignault, T. I. Van Niekerk, and M. N. James, Copyright 2008, with permission from Elsevier.



[image: Crystals 13 00576 g014]







[image: Crystals 13 00576 g015 550] 





Figure 15. FSW tool pin profiles. (a) Cylindrical, (b) Hexagon, (c) Pentagon, (d) square, (e) Triangular [133]. Reprinted under the CC BY 4.0 License. 
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Figure 16. Hardness distribution in cross-section after (a) F pass (one pass), (b) 2F passes (the second pass is the first pass direction), (c) FB passes (the second pass is in the reverse direction of the first pass), at a travel speed of 100 mm/min [56]. Reprinted from: The effect of Cu powder during friction stir welding on microstructure and mechanical properties of AA3003-H18. Metallurgical and Materials Transactions A 45 (2014): 3882–3891, Abnar, B., M. Kazeminezhad, and A. H. Kokabi, Copyright 2014, with permission from Springer Nature. 
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Figure 17. Schematic of the locations from which longitudinal and transverse tensile test specimens are cut. 
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Figure 18. Cross-section of joints obtained at: (a) 800 rpm-F pass; (b) 800 rpm-2F passes; (c) 800 rpm-FB passes; (d) 1000 rpm-F pass; (e) 1000 rpm-2F passes; (f) 1000 rpm-FB passes; (g) 1200 rpm-F pass; (h) 1200 rpm-2F passes; (i) 1200 rpm-FB passes [56]. Reprinted from: The effect of Cu powder during friction stir welding on microstructure and mechanical properties of AA3003-H18. Metallurgical and Materials Transactions A 45 (2014): 3882–3891, Abnar, B., M. Kazeminezhad, and A. H. Kokabi, Copyright 2014, with permission from Springer Nature. 






Figure 18. Cross-section of joints obtained at: (a) 800 rpm-F pass; (b) 800 rpm-2F passes; (c) 800 rpm-FB passes; (d) 1000 rpm-F pass; (e) 1000 rpm-2F passes; (f) 1000 rpm-FB passes; (g) 1200 rpm-F pass; (h) 1200 rpm-2F passes; (i) 1200 rpm-FB passes [56]. Reprinted from: The effect of Cu powder during friction stir welding on microstructure and mechanical properties of AA3003-H18. Metallurgical and Materials Transactions A 45 (2014): 3882–3891, Abnar, B., M. Kazeminezhad, and A. H. Kokabi, Copyright 2014, with permission from Springer Nature.
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Figure 19. Optical microscope images of the stir zone obtained after two passes of FSW: (a) 800 rpm; (b) 1000 rpm; (c) 1200 rpm using only Cu powder and (d) 800 rpm; (e) 1000 rpm; (f) 1200 rpm using premixed Al-Cu powder (travel speed: 100 mm/min) [165]. Reprinted from: The effect of premixed Al-Cu powder on the stir zone in friction stir welding of AA3003-H18. Journal of Materials Engineering and Performance 24 (2015): 1086–1093, Abnar, B., M. Kazeminezhad, and A. H. Kokabi, Copyright 2015, with permission from Springer Nature. 
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Figure 20. (a) Microhardness profiles of the FSWed joints at a rotational speed of 800 and 200 rpm with (W) and without (A) using water cooling, (b) Relationship between Vickers hardness and average grain size in the stir zone of various FSWed joints [175]. Reprinted from: Enhanced mechanical properties of friction stir welded 5083Al-H19 joints with additional water cooling. Journal of materials science & technology 33, no. 9 (2017): 1009–1014, Wang, B. B., F. F. Chen, F. Liu, W. G. Wang, P. Xue, and Z. Y. Ma, Copyright 2017, with permission from Elsevier. 
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Figure 21. Hardness distribution profiles on the surface of the welded samples for as-received hot bands of AA3003 Al alloy welded under different welding ambient conditions [59]. Reprinted from: A study on microstructure and mechanical properties of AA 3003 aluminum alloy joints by underwater friction stir welding. Materials Characterization 127 (2017): 41–52, Tan, Y. B., X. M. Wang, M. Ma, J. X. Zhang, W. C. Liu, R. D. Fu, and S. Xiang, Copyright 2017, with permission from Elsevier. 
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Figure 22. Engineering stress-strain curves of the base metal and weld joints along the longitudinal direction of the hot bands of AA 3003 Al alloy welded in air, 20 °C water, and 0 °C water [59]. Reprinted from: A study on microstructure and mechanical properties of AA 3003 aluminum alloy joints by underwater friction stir welding. Materials Characterization 127 (2017): 41–52, Tan, Y. B., X. M. Wang, M. Ma, J. X. Zhang, W. C. Liu, R. D. Fu, and S. Xiang, Copyright 2017, with permission from Elsevier. 
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Figure 23. Weld samples produced by (a) UFSW at 1000 r/min, (b) FSW at 1000 r/min, and (c) UFSW at 1700 r/min [185]. Reprinted from: Experimental investigation of underwater friction-stir welding of 5083 marine-grade aluminum alloy. Proceedings of the Institution of Mechanical Engineers, Part B: Journal of Engineering Manufacture 230, no. 3 (2016): 458–465, Kishta, Emad Eldin, and Basil Darras. Copyright 2014, with permission from SAGE Publications. 
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Figure 24. FSW lack of penetration defect [61]. The bar scale in the inset is 50 micrometers. Reprinted from: On the fatigue behavior and design curves of friction stir butt-welded Al alloys. International Journal of Fatigue 27, no. 3 (2005): 305–316, Lomolino, S., R. Tovo, and J. Dos Santos, Copyright 2005, with permission from Elsevier. 
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Figure 25. (a) Details of the bobbin welding tool and (b) schematic of BT-FSW [191] (c) Experimental setup of BT-FSW process [190]. Figure 25a,b reprinted from: Improving weld formability by a novel dual-rotation bobbin tool friction stir welding. Journal of Materials Science & Technology 34, no. 1 (2018): 135–139, Wang, F. F., W. Y. Li, J. Shen, Q. Wen, and J. F. Dos Santos, Copyright 2018, with permission from Elsevier. Figure 25c reprinted from: Microstructural characteristics and mechanical properties of bobbin tool friction stir welded 2A14-T6 aluminum alloy. Materials & Design (1980–2015) 65 (2015): 559–566, Zhang, Huijie, Min Wang, Xiao Zhang, and Guangxin Yang, Copyright 2014, with permission from Elsevier. 
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Figure 26. Welding tool arrangement in double-sided friction stir welding [199]. Reprinted from: Friction stir welded structural materials: beyond Al-alloys. International Materials Reviews 56, no. 1 (2011): 1–48, Çam, G., Copyright 2013, with permission from Taylor & Francis. 
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Table 2. A summary of selected optimization parameters reported achieving high tensile properties in FSW joints of non-heat-treated Al alloys.
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	Al Alloy
	Plate Thickness
	Welding Tool Geometry
	Optimum Parameters

for Tensile Strength
	Results and Joint Efficiency %
	Ref.





	5083-O
	5 mm
	Shoulder diameter: 20 mm, Pin diameter: 5 mm, Pin height: 4.5 mm, cylindrical with thread pin, tilt angle: 2°
	Rotational speed: 800 rpm

Traverse speed: 124 mm/min
	UTS: 340 MPa

Joint efficiency: 92%
	[95]



	5083
	6 mm
	Shoulder diameter: 24 mm, Pin diameter: 8 mm

Taper with thread pin, tilt angle: 1.5°
	Rotational speed: 710 rpm

Traverse speed: 40 mm/min
	UTS: 185 Mpa

Joint efficiency: 66%
	[101]



	5052
	4 mm
	Shoulder diameter: 17.8 mm, Pin diameter: 4 mm, Pin height: 3.8 mm, Taper pin
	Rotational speeds: 1300 rpm, Traverse speed: 50 mm/min
	UTS: 221 MPa

Joint efficiency: 85%
	[104]



	5052-H18
	2 mm
	Shoulder diameter: 12.8 mm, Pin diameter: 1.8 mm, cylindrical pin
	Rotational speeds: 1233 rpm, Traverse speed: 107 mm/min
	UTS: 229 MPa

Joint efficiency: Not reported
	[103]



	5052
	1 mm
	Shoulder diameter: 7.5 mm, Pin diameter: 2.5 mm, square shape pin
	Rotational speeds: 3250 rpm, Traverse speed: 200 mm/min
	UTS: 184 MPa

Joint efficiency: 80%
	[105]



	5086-H34
	6 mm
	Shoulder diameter: 16 mm, Pin: square shape, Pin height: 5.7 mm, square shape pin
	Rotational speeds: 1250 rpm, Traverse speed: 80 mm/min
	UTS: 310 MPa

Joint efficiency: 85%
	[106]



	1100-H14
	4 mm
	Shoulder diameter: 18 mm, Pin diameter: 6 mm, Pin height: 3 and 1.5 mm, cylindrical pin
	Rotational speed: 900 rpm

Traverse speed: 40 mm/min
	UTS: 94 MPa

Joint efficiency: Not reported
	[107]



	5083-H111
	6 mm
	Shoulder diameter: 20 mm, Pin diameter: 7 mm, Pin height: 5.8 mm, triangular shape pin, tilt angle: 2°
	Rotational speed: 800 rpm

Traverse speed: 125 mm/min
	UTS: 299 MPa

Joint efficiency: 92%
	[100]



	1050-H24
	5 mm
	Shoulder diameter: 15 mm, Pin diameter: 6 mm, Pin height: 4.7 mm, cylindrical pin, tilt angle: 3°
	Rotational speed: 1500 rpm

Traverse speed: 400 mm/min
	UTS: 84 MPa

Joint efficiency: 80%
	[31]
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