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Abstract

:

This work is part of a wide-ranging study aiming to enhance the technology of dissimilar friction-stir welding of aluminum and titanium. In the previous study, a new approach was proposed that provided an exceptionally narrow intermetallic layer. However, an essential disadvantage of this technique was the significant material softening in the aluminum part. Hence, the present work was undertaken in order to obtain insight into microstructural processes and material flow in the aluminum part. To this end, the stop-action technique was applied. It was found that the microstructural evolution included several stages. Specifically, the initial material underwent the discontinuous static recrystallization in the heat-affected zone. With the approach of the rotating tool, the recrystallized grains experienced continuous dynamic recrystallization, which resulted in grain refinement. The subsequent transportation of material around the rotating tool provided no significant alterations in microstructure. This “superplastic-like” character of material flow was attributed to a dynamic balance between grain refinement and grain coarsening. It was also found that the stirred material experienced a secondary deformation induced by the rotating tool shoulder far behind the welding tool. The concomitant microstructural changes were most pronounced at the upper weld surface and gave rise to a fine-grained layer.
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1. Introduction


Friction-stir welding (FSW) is often considered a very promising technology for the dissimilar joining of aluminum and titanium alloys [1,2]. Being a solid-state technique, it avoids the difficulties associated with the distinctly different thermal properties of these two materials (e.g., [3,4]), thus enabling their sound welding.



On the other hand, it is important to point out that the dissimilar FSW of aluminum and titanium encounters a number of serious problems. Among those, the formation of a brittle intermetallic layer at the joint interface [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23], the dispersion of the harmful titanium fragments within the aluminum part [5,6,7,8,14,15,18,22,24,25,26,27], and the extensive abrasion of the FSW tool in the titanium part [28] are of particular concern. To minimize these drawbacks, a new approach has been proposed in previous work [29]. It assumed the lap-welding configuration of a dissimilar joint and was based on the idea of plunging the FSW tool solely into the aluminum part while keeping it as close as possible to the dissimilar interface. It was shown that this technique resulted in an extremely narrow (~0.1 μm) intermetallic layer and avoided both the formation of titanium fragments and tool wear [29]. As a result, the produced joints exhibited excellent mechanical performance [29].



However, an important limitation of the proposed technique was its high sensitivity to heat-input conditions. Specifically, this approach is only feasible at relatively high heat input. Accordingly, FSW at such conditions resulted in essential material softening in the aluminum part of dissimilar joints, which, in turn, led to premature failure in the heat-affected zone [29]. Hence, the further optimization of the proposed approach required thorough microstructural control in the aluminum part. To this end, a fundamental understanding of the underlying microstructural processes is necessary.



In this context, it is worth noting that the “stop-action” technique [30] is known as one of the most effective techniques for microstructural examinations in FSW. This approach involves an emergency stop of the FSW machine during welding and the subsequent immediate quenching of the material near the final tool position. It is believed that the subsequent microstructural examination of this material would reveal the intrinsic characteristics of microstructural evolution and material behavior during FSW. Indeed, the application of the stop-action technique in a number of previous studies [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59] has significantly contributed to our current understanding of the microstructural aspects of FSW. Particularly, it has been conclusively demonstrated that microstructural evolution during FSW is a relatively complex phenomenon that may involve a combination of geometric recrystallization, continuous recrystallization, and discontinuous recrystallization [31,32,35,37,39,40,41,42,43,44,45]. The mutual contribution of these mechanisms to a global process depends on the nature of the welded material (primarily the stacking fault energy [46]) and, perhaps, FSW thermal conditions. Moreover, it has been found that the stir zone microstructure may experience static coarsening [31,35,37,38,40,41,43,47] (or even static recrystallization [46]) during the FSW cooling cycle. With the aid of the stop-action technique, it has also been shown that material flow during FSW is fairly inhomogeneous along the weld thickness [33,34,37,43,48,49,50,51]. Specifically, it is normally governed by the tool shoulder at the upper surface of the stir zone and the tool probe in the weld nugget [33,34,37,43,48,49,50,51]. This effect may result in a drastic texture gradient in the thickness direction [33,34]. Furthermore, a particularly complex character of material flow was also observed near the threads of the welding tool [42,52,53,54].



To the best of the authors’ knowledge, so far, the stop-action technique has never been applied for the examination of Al/Ti dissimilar FSW joints. Thus, to provide comprehensive insight into microstructural processes in the aluminum part of the Al/Ti dissimilar joint, it was employed in the present study. It was expected that the comparatively high-heat-input conditions of FSW in this case might give rise to a specific character of microstructural evolution and material flow. Accordingly, the stop-action experiment may highlight new microstructural aspects of FSW.




2. Materials and Methods


The program materials used in the present study included commercial 6013 aluminum alloy and Ti-6Al-4V titanium alloy. The aluminum alloy was produced by semi-continuous casting using a KREIMA laboratory casting machine. The cast ingot was homogenized at 550 °C for 4 h and then cold rolled to a thickness of 2 mm (≈80% of the total thickness reduction). This material condition is referred to as the base material hereafter. Titanium alloy was supplied as 2 mm-thick sheets in a mill-annealed state.



A detailed description of the FSW experiment was provided in the previous work [29]. Briefly, a lap welding geometry was employed, the aluminum part was placed on the upper side of the dissimilar joint, and the welding tool was plunged only into the aluminum part; the distance between the tool tip and the titanium side was maintained at ≈50 μm. FSW was conducted using the AccuStir 1004 FSW machine at a spindle rate of 1100 rpm and a feed rate of 3 inches per minute (≈76.2 mm/min). A conventional welding tool was employed. It was manufactured from tool steel and consisted of a concave-shaped shoulder (12.5 mm in diameter) and an M5-threaded cylindrical probe (1.9 mm in length). A typical convention for FSW geometry was adopted, which included welding direction (WD), normal direction (ND), and transverse direction (TD).



To record the FSW thermal cycle, two K-type thermocouples were placed at the aluminum–titanium interface. To this end, appropriate grooves were machined in the plates to be welded, as shown in the schematic in Supplementary Figure S1. To minimize the measurement error, the thermocouples were set as close as possible to the welding tool on its advancing and retreating sides. The typical weld thermal cycles are shown in Figure 1a. In accordance with expectations, it was characterized by a comparatively high peak temperature (≈500 °C) and a relatively slow cooling rate. It is worth noticing that such thermal conditions were partially associated with the relatively slow heat transfer into the bottom Ti-6Al-4V (which virtually acted as a backing plate).



In order to realize the stop-action experiment, the FSW machine was emergency stopped after traveling ~100 mm, and liquid nitrogen was immediately poured on the final position of the welding tool to “freeze” the FSW-induced microstructure. The subsequent observations showed that the FSW tool was not adhered to the workpiece; therefore, it was gently removed from its keyhole without significant damage to the surrounding material. For microstructural examinations, the final position of the welding tool was sectioned in a longitudinal (WD × ND) plane along the weld centerline, thus permitting a side view of the tool keyhole. The produced microstructural sample is shown in Figure 1b.



Microstructural observations were performed using electron backscatter diffraction (EBSD). To obtain a suitable surface finish, the microstructural sample was mechanically polished in a conventional fashion, with a final step comprising 24 h vibratory polishing with the commercial OP-S suspension.



The EBSD data were collected with an FEI Quanta 600 field-emission-gun scanning electron microscope. It was equipped with TSL OIMTM software and operated at an accelerated voltage of 20 kV. To examine the broad aspects of microstructural evolution and material flow, a series of sample-scale EBSD maps was acquired using a relatively coarse scan step size of 2 μm. For more detailed microstructural analysis in particular areas of interest, higher-resolution maps were also obtained with scan step sizes of 0.5 and 0.2 μm. To improve the fidelity of EBSD data, fine grains comprising either one or two pixels were eliminated from EBSD maps using the standard grain-dilation option of TSL OIM software. A 15-degree criterion was applied to differentiate low-angle boundaries (LABs) from high-angle boundaries (HABs). Throughout the manuscript, LABs and HABs in EBSD maps were depicted as red and black lines, respectively. Given the limited angular accuracy of EBSD, LABs with misorientations below 2° were excluded from consideration. The grain size was measured using the equivalent grain diameter approach [60].




3. Results and Discussion


3.1. Base Material


The representative portion of the EBSD grain-boundary map taken from the base material in the aluminum part is shown in Figure 2a. The base material had a typical cold-rolled microstructure. Specifically, it was dominated by relatively coarse grains that were heavily elongated in the rolling direction and contained a developed LAB substructure.



To examine crystallographic texture in the base material, orientation data were derived from EBSD maps and arranged as an orientation distribution function (ODF). The selected portions of the ODF were shown in Figure 2b. It is seen that the crystallographic texture exhibited a mixture of typical rolling components with prevalent   S { 123 } < 634 >   and   C o p p e r { 112 } < 111 >   orientations and the less pronounced   B r a s s { 110 } < 112 >   and   C u b e { 001 } < 100 >   orientations (Figure 2b).




3.2. Microstructural Processes Ahead of the Welding Tool


3.2.1. Grain Structure


To investigate microstructural evolution ahead of the welding tool, a sample-scale EBSD grain-boundary map was acquired from this region, as shown in Figure 3. The fairly inhomogeneous microstructure distribution seen in this area evidenced a complicated character of microstructural evolution. In order to provide a closer inspection of this process, a series of higher-resolution maps were taken from particular areas of interest and shown at higher magnification in Figure 4.



Near the outer edge of the FSW-induced zone (location “a” in Figure 3), the initial heavily-rolled microstructure exhibited significant changes. Specifically, an extensive nucleation of the relatively fine equiaxed grains, which contained almost no LAB substructure and were completely outlined by HABs, was revealed (Figure 4a) (the appropriate EBSD grain-orientation-spread map is shown in supplementary Figure S2). From this morphology, this microstructural process appeared to fit the definition of discontinuous recrystallization. Remarkably, the recrystallization developed relatively far from the welding tool (Figure 3), and thus it was likely associated with the FSW heat effect rather than with the FSW-induced strain. If so, the recrystallization was probably static in nature, and therefore this microstructural region represented the heat-affected zone. The recrystallization in this area was in good agreement with the pronounced material softening observed in the previous work [29].



With approaching the welding tool (location “b” in Figure 3), the recrystallized grains were sheared/reoriented in a common direction (Figure 4b), thus indicating that the material had experienced a macro-scale strain. Accordingly, this microstructural region could be interpreted as the thermo-mechanically affected zone. Within the sheared grains, an extensive formation of LAB substructure was noted, which resulted in a well-developed subgrain structure. In some cases, misorientation of local subboundary segments exceeded 15° thus transforming LABs into HABs, as exemplified by the arrows in Figure 4b. This process promoted the gradual transformation of subgrains into grains, thereby giving rise to grain refinement (Figure 4b). These observations suggested that microstructural evolution in this area was governed by the continuous recrystallization mechanism, thus being in broad agreement with a number of previous works in the FSW literature (e.g., [32,35]).



Remarkably, the thermo-mechanically affected zone was relatively wide (Figure 3). This effect was likely attributable to the comparatively high-heat-input condition applied in the present study (Figure 1a), which promoted material softening and thus enhanced its plastic deformation.



Another notable issue was also a distinctly different grain-refinement effect near the tool shoulder and the tool probe (locations “c” and “d” in Figure 3), as compared in Figure 4c and d. This result agreed with some numerical simulation works in FSW (e.g., [61]), which predicted a significant difference in thermal and deformation conditions in these areas. The distinct difference in microstructure between the upper weld surface and the nugget zone has also been reported in a number of experimental works [33,34,37,43,48,49,50,51].




3.2.2. Crystallographic Texture


In order to obtain insights into the crystallographic aspects of the microstructural processes that occurred ahead of the welding tool, a sample-scale EBSD orientation map was obtained, as shown in Figure 5. A distinctly inhomogeneous texture distribution was revealed.



To examine the texture changes in the heat-affected zone, orientation data were extracted from the area labeled “a” in Figure 5, arranged as ODF, and shown in Figure 6a. From the comparison with Figure 2b, it was seen that the initial rolling texture was mainly preserved while becoming more diffusive.



To investigate the texture developed in close proximity to the welding tool, the locations “b” and “c” in Figure 5 were considered. For interpretation of the textural pattern, it is worth noting that material flow during FSW is well accepted to be close to simple shear, with the shear direction being tangential to the surface of the welding tool [62]. In the microstructural sample studied in the present work, the shear direction was expected to be opposite the transverse direction ahead of the welding tool, while it should be collinear to the transverse direction behind the welding tool. The orientation of the shear plane is less clear in a common case. It is believed that material flow near the weld upper surface is governed by the tool shoulder, and thus the shear plane should be along the shoulder surface [33,34,37,43,48,49,50,51]. In the weld nugget, material flow is usually associated with the tool probe, and therefore the shear plane is expected to be nearly parallel to its cylindrical surface [33,34,37,43,48,49,50,51]. In view of the above circumstances, the orientation data taken from the friction-stir-welded material typically require an appropriate rotation to align them with the presumed geometry of the simple shear.



Accordingly, the experimental 111 and 110 pole figures measured in the present study were rotated before their analysis. Specifically, to align the horizontal axis of the pole figures with the presumed orientation of shear direction, the pole figures were rotated around the ND. Similarly, to align the vertical axis of the pole figures with the orientation of the shear plane normal, those were rotated around the TD (thus, the rotation around the TD was virtually indicative of the spatial orientation of the shear plane). The rotation angle was selected assuming minimal rotation to reach the nearest simple-shear orientation (to see the ideal simple-shear orientations, which are expected to develop in face-centered cubic crystals (including aluminum), a reader is referred to refs. [62,63]). The rotated pole figures are shown in Figure 6b,c. The applied rotations were indicated in the bottom parts of the figures.



Near the upper surface (location “b” in Figure 5), a reasonable textural pattern was obtained assuming that the shear plane was close to the surface of the concave-shaped shoulder used in the present work; moreover, the texture was dominated by the   B /  B ¯  { 112 } < 110 >   simple-shear orientation (Figure 6b), which is typically reported in friction-stir-welded aluminum (e.g., [31,32,35]). This result evidenced that material flow in this area was driven by the tool shoulder, in full compliance with expectations.



In the weld nugget (location “c” in Figure 5), the orientation of the shear plane was surprisingly found to be nearly between the shoulder and probe surfaces (Figure 6c). Besides, the texture was comparatively weak (with the peak intensity of the pole figures being only ~2 times random) and diffusive. To a first approximation, this texture could be described in terms of a superposition of   < 110 >  -fiber and      A 1 *   /   A 2 *  { 111 } < 112 >     simple-shear components. These results are not clear. One of the possible explanations for these observations may be the complex character of material flow in this area due to the influence of the probe threads (Figure 5). This result was consistent with a number of recent works in FSW literature [42,52,53,54].





3.3. Microstructural Processes behind the Welding Tool


In order to explore the broad aspects of microstructural evolution and material flow behind the welding tool, a sample-scale map was taken from this area (Figure 7). A distinctly inhomogeneous microstructure distribution (Figure 7a) and texture distribution (Figure 7b) were revealed. From these observations, it was decided to track microstructural changes in two different regions: (i) near the upper surface of the stir zone (i.e., the shoulder-influenced area) and (ii) the nugget zone (i.e., the probe-influenced area). In each case, three particular locations of interest were selected: (i) in close proximity to the tool probe (locations “a” and “b” in Figure 7a), (ii) near the edge of the tool shoulder (locations “c” and “d” in Figure 7a), and (iii) relatively far from the welding tool (locations “e” and “f” in Figure 7a).



3.3.1. Grain-Structure Development


To provide a closer inspection of microstructural changes, high-resolution maps were acquired from the selected areas of interest and given at higher magnification in Figure 8. The grain size statistics derived from the high-resolution maps were shown in Figure 9.



The microstructures that evolved in close proximity to the welding tool are presented in Figure 8a,b. One of the most striking issues with these microstructures was their close resemblance to the microstructures revealed in the appropriate locations ahead of the tool (compare Figure 8a with Figure 4c, and Figure 8b with Figure 4d). In all cases, microstructures were dominated by the relatively fine, low-aspect-ratio grains, which contained a developed LAB substructure. Statistical analysis revealed only a small difference in grain size between the areas ahead and behind the FSW tool (Figure 9a,b). A broadly similar result has been reported in a number of other stop-action experiments (e.g., [31,32,33,34]). Nevertheless, this observation was not entirely trivial. From simple considerations, it seems that the welded material should experience the largest plastic strain during its transportation around the rotating probe. Hence, the subtle microstructural changes during this stage suggest a “superplastic” character of material flow. This observation was likely attributable to the high-heat-input condition of FSW employed in the present study. Such material flow implied either a dynamic balance between grain refinement and grain coarsening or the activation of grain-boundary sliding.



The microstructures that developed near the edge of the tool shoulder were shown in Figure 8c,d. At the upper surface of the stir zone, an essential grain refinement was found (compare Figure 8a with Figure 8c, Figure 9a). This effect was likely attributable to the secondary deformation exerted by the tool shoulder. Therefore, this result was in excellent accordance with the recent predictions from the numerical simulation of FSW [61]. On the other hand, no significant microstructural changes were observed in the nugget zone (compare Figure 8b with Figure 8d and Figure 9b).



The final microstructures produced in the stir zone are shown in Figure 8e,f. In the surface layer, a subtle grain growth was noted (Figure 9a). This observation was likely attributable to the relatively low cooling rate after FSW (Figure 1a), which promoted microstructural coarsening of the stir zone microstructure upon its cooling down to ambient temperature. A broadly similar result has been reported in a number of previous works in the FSW literature [31,35,37,38,40,41,43,47]. In the nugget zone, no significant changes were found (compare Figure 8d with Figure 8e and Figure 9b). The difference in the cooling behavior of the material in this region was presumably associated with the heat sink into the backing plate (i.e., Ti-6Al-4V).



The subtle character of the grain coarsening provided the retention of the fine-grained microstructure in the stir zone. This result was consistent with the relatively high hardness in this area, as revealed in the previous study [29].




3.3.2. Evolution of Crystallographic Texture


To investigate texture changes behind the welding tool, orientation data were extracted from the EBSD maps in Figure 8a. Those were arranged as 111 and 110 pole figures, appropriately rotated, and shown in Figure 10 and Figure 11.



The textures measured in close proximity to the tool probe (locations “a” and “b” in Figure 7a) were found to be broadly similar to the textures revealed ahead of the tool (compare Figure 10a and Figure 6b, and Figure 11a and Figure 6c). The texture invariance was in line with the subtle microstructural changes during transportation of the welded material around the rotating probe, as discussed in the previous section. Hence, this finding was compatible with the presumed “superplastic” character of material flow during this stage. In this context, it is worth noticing that the texture developed at the upper surface layer was relatively strong, with the peak intensity of the pole figures reaching ≈9 times random (Figure 10a). This observation was not entirely consistent with the operation of grain-boundary sliding, thus perhaps excluding this hypothesis from consideration. Therefore, the revealed microstructural stability during material flow around the tool probe was likely a result of a dynamic balance between various microstructural processes, which mutually compensated each other.



Near the edge of the tool shoulder (locations “c” and “d” in Figure 7a), significant changes in texture were found. At the upper surface layer, the   B /  B ¯  { 112 } < 110 >   component had transformed into   < 110 >   fiber; moreover, a significant reduction in texture intensity was revealed (Figure 10b). These observations were in excellent agreement with grain refinement in this area (Figure 9a), thus additionally confirming the secondary deformation experienced by the stir zone material in this area.



In the nugget zone, a development of the additional   C { 001 } < 110 >   texture component was found, and a substantial texture strengthening was noted (Figure 11b). Further, it was also found that the orientation of the shear plane shifted towards the shoulder surface (Figure 11b). All these results evidenced that the material in the nugget zone also experienced the secondary strain.



With a further increase in distance behind the welding tool (locations “e” and “f” in Figure 7a), no substantial alterations in texture pattern were found (compare Figure 10b,c and Figure 11b,c). This perhaps implied that the weld cooling cycle exerted only a minor influence on the final texture.






4. Summary


In this work, the stop-action technique was applied to investigate the microstructural evolution and material flow occurring in the aluminum part during dissimilar friction-stir lap welding of 6013 aluminum alloy and Ti-6Al-4V. From extensive EBSD measurements, the following pattern of these processes was derived.



	(1)

	
Due to the relatively high-heat-input condition of FSW, the base cold-rolled material first experienced a static recrystallization in the heat-affected zone far ahead of the welding tool. The recrystallization involved the nucleation and growth of recrystallized grains, thus being discontinuous in nature.




	(2)

	
With the approach of the welding tool, the recrystallized grains underwent a plastic deformation in the FSW-induced strain field. The extensive development of deformation-induced boundaries gave rise to continuous dynamic recrystallization, which promoted microstructural refinement. The width of the thermo-mechanically affected zone ahead of the welding tool exceeded ~1 mm, thus being relatively broad.




	(3)

	
Given the considerable differences in grain size and crystallographic texture, two distinctly different subareas within the thermo-mechanically affected zone were defined, viz., (i) its upper part (i.e., the shoulder-influenced area) and (ii) the nugget zone (i.e., the probe-influenced area). The shoulder-influenced area was characterized by a smaller grain size and a sharper crystallographic texture. The diffuse texture in the nugget zone was attributed to the complex character of material flow in this area due to the influence of the probe threads.




	(4)

	
The transportation of the entrapped material around the rotating tool resulted only in minor changes in microstructure, thus evidencing a “superplastic-like” character of material flow. This observation was likely attributable to the high-heat-input condition of FSW employed in the present study. The preservation of the relatively strong crystallographic texture at this stage allowed excluding the grain-boundary sliding from consideration as the key microstructural mechanism. Hence, the revealed microstructural stability was attributed to a dynamic balance between different microstructural processes that mutually compensated each other.




	(5)

	
Near the edge of the tool shoulder behind the welding tool, significant changes in microstructure and crystallographic texture were found. These observations evidenced that the stir zone material experienced a secondary deformation due to the stirring action of the tool shoulder. The secondary deformation resulted in the development of a fine-grained surface layer in the stir zone.
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Figure 1. (a) The recorded FSW thermal cycle and (b) optical image of microstructural sample produced by the stop-action experiment. In (a), RS and AS denote the advancing side and retreating side, respectively. In (b), WD, ND, and TD are welding direction, normal direction, and transverse direction, respectively. 
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Figure 2. Microstructure and crystallographic texture of base material: (a) selected portion of EBSD grain-boundary map and (b) φ2 = 0°, φ2 = 45°, and φ2 = 65° sections of orientation distribution function. In (a), LABs and HABs are depicted as red and black lines, respectively; RD, ND and TD are rolling direction, normal direction, and transverse direction, respectively. 
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Figure 3. The sample-scale EBSD grain-boundary map showing microstructure evolved ahead of welding tool. In the map, LABs and HABs are depicted as red and black lines, respectively. WD, ND and TD are the welding direction, normal direction, and transverse direction, respectively. Note: The labeled selected areas are shown at higher magnification in Figure 4. 
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Figure 4. The selected portions of EBSD grain-boundary map in Figure 3 showing microstructure in various microstructural zones: (a) heat-affected zone, (b) a transition between the heat-affected zone and the thermomechanical-affected zone, (c) an area in close proximity to the tool shoulder, and (d) an area in close proximity to the tool probe. In all cases, LABs and HABs are depicted as red and black lines, respectively. The scale bar and reference frame for all maps is shown in (a). In (b), arrows exemplify the gradual LAB-to-HAB transformation (see Section 3.2.1 for details). 
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Figure 5. The sample-scale EBSD orientation map showing microstructure that evolved ahead of welding tool. In the map, grains are colored according to their crystallographic orientation relative to transverse direction (the orientation color triangle is shown in the bottom part of the figure). WD, ND and TD are the welding direction, normal direction, and transverse direction, respectively. Note: The preferential crystallographic orientations of the selected labelled areas are shown in Figure 6. 
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Figure 6. The preferential crystallographic orientations of the selected areas in Figure 5: (a) φ2 = 0°, φ2 = 45°, and φ2 = 65° sections of orientation distribution function showing texture in the heat-affected zone; the 111 and 110 pole figures showing texture in close proximity to (a) the tool shoulder, and (b) the tool probe. SPN and SD are the shear-plane normal and shear direction, respectively. Note: The pole figures in (b,c) were appropriately rotated to align them with the local geometry of simple shear; the applied rotations are indicated in the bottom parts of the figures. 
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Figure 7. The sample-scale EBSD maps showing microstructure that evolved behind the welding tool: (A) grain-boundary map and (B) orientation map. In (A), LABs and HABs are depicted as red and black lines, respectively. In (B), grains are colored according to their crystallographic orientation relative to transverse direction (the orientation color triangle is shown in the bottom left corner). WD, ND and TD are the welding direction, normal direction, and transverse direction, respectively. Note: The labeled selected areas in (A) are shown at a higher magnification in Figure 8. 






Figure 7. The sample-scale EBSD maps showing microstructure that evolved behind the welding tool: (A) grain-boundary map and (B) orientation map. In (A), LABs and HABs are depicted as red and black lines, respectively. In (B), grains are colored according to their crystallographic orientation relative to transverse direction (the orientation color triangle is shown in the bottom left corner). WD, ND and TD are the welding direction, normal direction, and transverse direction, respectively. Note: The labeled selected areas in (A) are shown at a higher magnification in Figure 8.



[image: Metals 13 01342 g007]







[image: Metals 13 01342 g008 550] 





Figure 8. The selected portions of EBSD grain-boundary map in Figure 7a showing microstructures in various microstructural zones behind the welding tool. In all cases, LABs and HABs are depicted as red and black lines, respectively. The scale bar and reference frame for all maps is shown in (a). See Section 3.3.1 for details. 
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Figure 9. Evolution of grain size distribution as a function of a particular location relative to the welding tool: (a) in the upper part of the stir zone and (b) in the nugget zone. Note: The grain size data were derived from EBSD maps shown in Figure 8. 
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Figure 10. 111 and 110 pole figures showing the evolution of the crystallographic texture in the upper section of the stir zone as a function of a particular location behind the welding tool: (a) the close proximity to the tool probe (location “a” in Figure 7a), (b) near the shoulder edge (location “c” in Figure 7a), and (c) far from the welding tool (location “e” in Figure 7a). Note: The pole figures were appropriately rotated to align them with the local geometry of simple shear; the applied rotations are indicated in the bottom parts of the figures. See Section 3.3.2 for details. 
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Figure 11. 111 and 110 pole figures showing the evolution of the crystallographic texture in the nugget zone as a function of a particular location behind the welding tool: (a) the close proximity to the tool probe (location “b” in Figure 7a), (b) near the shoulder edge (location “d” in Figure 7a), and (c) far from the welding tool (location “f” in Figure 7a). Note: The pole figures were appropriately rotated to align them with the local geometry of simple shear; the applied rotations are indicated in the bottom parts of the figures. See Section 3.3.2 for details. 
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