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Abstract

:

The development of new joint configurations suitable for dissimilar materials enables a wider range of applications and allows for an accelerated replacement of traditional structural construction materials by lightweight materials. The T-configuration is a joint configuration that has not been sufficiently studied for use with dissimilar materials, especially when created using the friction stir welding (FSW) process. In this study, a combined lap/butt design was introduced and implemented, seeking to create a T-joint between aluminum and steel. Characterization of the joints showed that FSW could be successfully used to join aluminum and steel in a T-configuration. The formation of intermetallic bonds and kissing bonds was carefully analyzed, and their contribution to the fracture behavior during loading in the skin and stringer directions was studied. Finite element simulation was used to determine the stress state at the interface during loading. The characterization results showed that the intermetallic, as an indicator of metallurgical bonding, is formed when special features are observed in the pattern of material flow. The fractography images showed that the stress state has a major impact on the fracture. The results of the present study can be effectively used to design and fabricate dissimilar joints, taking into account the loading condition.
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1. Introduction


In a vehicle manufacturing context, joining processes that enable efficient joining of dissimilar materials are seen as an important tool to meet increasingly stricter carbon dioxide emission regulations, enabling the manufacture of lightweight multi-material structures [1]. Aluminum is an ideal candidate for use in these structures [2], and successfully joining aluminum to steel (Al/St) is considered one of the most important challenges associated with this type of structure [3]. There are various methods suitable for joining these materials, e.g., cold metal transfer [4], by which Al is fused with a zinc layer on St by low heat input. This process produces fewer intermetallic compounds (IMCs) than fusion welding because the heat input is lower [5]. Mechanical joining methods are also used to join Al to St, such as direct pin pressing [6], by which no IMC is formed. However, mechanical bonding methods show reduced joint integrity and are not flexible enough to be used in some joint configurations. Friction Stir Welding (FSW), as a solid-state joining process, has proven itself in the welding of dissimilar materials [7]. FSW can control the formation of harmful intermetallic compounds (IMCs) of Al-Fe formed during welding [8]. An FSW process creates a bond between dissimilar materials through a combination of metallurgical bonding and mechanical interlocking [9]. The contribution of each mechanism to the joint strength is highly dependent on the process parameters, joint configuration, and loading conditions. The FSW process establishes different joining mechanisms in different joining configurations. In the overlap configuration, for example, the mechanical interlock plays the most important role in joining [10], although it has been reported that a metallurgical bond prevails when the FSW tool does not touch the lower layer [11]. The T configuration has recently attracted a lot of attention due to its greater potential for structural applications [12]. Adhesive bonding is one of the methods commonly used to make T-joints. However, the integrity of adhesively bonded T-joints is significantly compromised by the stress concentration in the corners of the joint that creates the peel stress [13]. Therefore, special modifications of the joint configuration are required to change the state of stress in the joints [14]. Adhesive bonding is often better suited for composite materials, as metallic materials can also be joined using welding processes that are superior to adhesive bonding in some respects. More accurately, welded joints are less sensitive to stress conditions and can preserve joint integrity [15]. The FSW process can be used to join similar metals, but its potential for joining dissimilar metals in a T-configuration is still underexploited [16]. Some studies on FSW welding of dissimilar materials are discussed below.



Rana et al. [17] joined Al sheets to titanium sheets through the FSW process and investigated the joining mechanism. The welding was implemented in lap design in one pass of welding. They reported that mechanical interlock plays an important role in the strength of T-joints. Su et al. [18] joined titanium alloys in T-configuration in two passes of welding in butt welding design. The factor which mostly affected the mechanical properties was the texture of titanium in various regions of the weld. The heat effect of the second pass on the first one can also influence fracture behavior [19]. Doung et al. [20] joined two dissimilar aluminum alloys (AA7075 and AA5083) in a lap configuration with a lap weld design in one pass. They found that the parameters which favor the strength in the skin direction may reduce the joint efficiency in the stringer direction. To obtain a strong weld in the direction of the stringer, the interface of two materials should be mixed properly by the tool action to eliminate the oxide layers at the interface. This needs a long pin, able to penetrate the bottom layer. However, a long pin produces a hook which deteriorates the bond strength in the skin direction. The kissing bond in these configurations occurs mainly in the corner of the fillet and makes it prone to early fracture. To alleviate this problem, Su et al. [21] joined AA5083 aluminum alloy in a T-configuration using a stationary shoulder from the filler corners in two passes. Ultimately, the main defect associated with the T-jointing of Al alloys is the formation of kissing bonds, which affect the joint strength differently in the skin and stringer directions [21]. Jesus et al. [22] observed that butt weld design performs better than a lap configuration for T-joining of Al alloys, as fewer defects are produced during FSW. When dissimilar materials are welded, the aspects of microstructural changes that are affected by the FSW parameters and that can affect mechanical properties differ from those encountered when similar materials are welded. In FSW of similar materials, dynamic recrystallization in the nugget zone plays an important role in determining the mechanical properties of the joint [23]. The presence of nanoparticles in the nugget zone can stimulate dislocation density, which promotes recrystallization in the heat-affected zone. However, it also prevents grain growth [24]. The most important parameters in the heat-affected zone are softening due to the dissolution of precipitates and/or work softening [25]. These aspects are less important in the FSW of dissimilar metals since the main challenge of this process now lies in the formation of brittle IMCs.



T-joints of similar materials created using FSW mostly show ductile fracture behavior [26]. The main initiation sites of failure in these welds are the heat-affected zone (HAZ), process defects, and kissing bonds. T-joining dissimilar materials presents another important challenge in addition to those encountered when welding similar materials. In dissimilar joining, the IMC layer acts as the site for fracture initiation and propagation and causes brittle damage [27]. Depending on the process and geometry, the distribution of the IMC layer can vary along the interface of dissimilar materials [28]. The mechanisms of joining and IMC formation in T-jointing of dissimilar materials are still not well studied, and there are few publications on this subject, some of which had been mentioned in the previous paragraph.



The present study aims to propose a procedure to join Al to St in a T-configuration using FSW, which, to the authors’ knowledge, has not been done before. A combined butt-lap design was developed for joining Al and St in a T-configuration. Characterization of the phases formed during the process was performed, seeking to identify IMC formation and distribution as well as the detection of defects and kissing bond formation. The T-joints manufactured using this process were mechanically tested in both the skin and stringer directions, and their strength was evaluated. The fracture surfaces were carefully studied, and the fracture properties were correlated with the phase characterization results and the mechanical test results. Finite element simulation was used to evaluate the stress state in the joint area during two loading conditions. Finally, a correlation between the joint design and the fracture behavior was made.




2. Materials and Method


A commercially pure aluminum (Al1050) and St37 steel, with sheet thicknesses of 3 and 5 mm, respectively, were selected to be joined by FSW in a T-configuration. For this purpose, a groove was made in Al by removing a rectangle with a width and height of 3 and 3.5 mm, respectively. The edge of St was cleaned and then placed in this groove. To facilitate welding in a T-configuration, a special fixture was designed (Figure 1a) and fabricated (Figure 1b). Al/St was placed in the fixture, as shown in Figure 1c. To produce the FSW tool, tool steel (H13) was machined and then heat treated. Welding was performed from both sides in two separate passes (Figure 1c). The position of the tool with respect to the sheets is shown in Figure 1c,d. An offset of 0.5–1 mm of the tool in St was chosen to ensure metallurgical bonding. For each pass, St was placed on the advancing side. FSW was performed in a position control mode with a shoulder plunge depth of 0.2 mm into the workpiece. The rotation speed was 950 rpm, and the welding speed was 30 mm/min, according to previous studies [29].



After the weld was completed, the specimens were cut into several pieces for tensile testing and joint characterization (Figure 2). Cutting was done through electrical discharge machining to minimize deleterious mechanical effects on the joints. The width of the specimens used for tensile testing was 13.5 mm.



Some of the samples were embedded in resin and then polished with mechanical grinding and diamond paste to aid subsequent observation under optical and scanning electron microscopy. For optical microscopy, a two-step etching method was used to reveal the microstructure of Al and St. First, Picral plus Keller was used for steel, and then a solution of Acetic acid (10 mL) plus Picric acid (4.2 g) plus H2O (40 mL) was used for Al. To prepare the samples for SEM imaging, cross-sections of resin-mounted joints were polished with increasingly finer grits of sandpaper (from P80 to P2500). The specimens were then polished with diamond paste (1.5 µm) and then directly examined by SEM without any etching. Both secondary electron (SE) and backscattered electron (BSE) analyses were used in SEM to observe the morphology and phase distribution in the joint region. BSE can be effectively used to distinguish between Al, St, and Al-St IMCs due to the contrast resulting from the chemical composition. The SE mode was used to observe defects in the cross-section of the joints. It was also used to see the fracture surfaces of the failed specimens after the tensile test. Energy dispersion spectroscopy (EDS) was used to determine the chemical composition of the phases.



Two loading conditions were used to determine the strength of the joints: the skin direction and the stringer direction, as seen in Figure 3a,b, respectively. A custom fixture was designed (Figure 3b) and fabricated (Figure 3c) to allow for an examination of the joint strength in the stringer direction. Tensile testing was performed at a cross-head speed of 2 mm/min for both skin and stringer directions (Figure 3d). This test rate was chosen to evaluate the strength of the joints under quasi-static loading [30]. Three specimens were tested for each loading condition to ensure result repeatability. Load-displacement curves were recorded during the tensile test, and the maximum load was recorded for the ultimate fracture load (or the ultimate tensile strength). The tested specimens were further analyzed using SEM to study the fracture surface and to investigate the mechanism of fracture.



The Abaqus finite element software was used to simulate the loading process in the skin and stringer directions, allowing the determination of the stress state at the joint interface. The joint geometry was simplified, as shown in Figure 4a. The model used a two-dimensional (2D) configuration, using a shell geometry with a thickness of 13.5 mm. The elastic-plastic behavior of the materials followed the data reported in a previous paper by the authors [9]. Triangular elements were chosen for Al and St, and rectangular elements were chosen for the interface (Figure 4b). The element types used to model the materials and interface were the CPE3 and CPE4R types, respectively. A quasi-static explicit analysis was used to solve the model.




3. Results


From this section onward, the T-joint is represented as vertically reversed, leaving the stringer (St) on top and the skin (Al) on the bottom. The macrostructure of the joint is presented in Figure 5. In this scale, no defect can be seen, which shows that the process parameters were correctly defined. The boundary between the nugget zone and the base material (or heat-affected zone) is clearly visible, while some entrained particles of St can be observed in the nugget zone. St was thinned in the middle of the nugget zone, which is the direct result of the tool offset used during the FSW process.



Higher magnification images of the joint zone are provided in Figure 6. At this stage, only the microstructure of the Al/St interface was studied as the samples failed at the interface. The other areas, such as the heat-affected zone (HAZ) and the thermomechanically affected zone (TMAZ), were not studied as they did not contribute to the failure. The main purpose of this optical microscopy observation was to identify defects and material flow in the joint area. Different parts of the joint were selected and viewed at different magnifications. Figure 6a–c shows the images taken from the dragged particle of St in the Al matrix. No defect is observed at the interface. The pattern of material flow is visible in the optical images, showing that the directions of material flow around the interface are parallel on two sides of the interface. Figure 6d shows the inner region of the end face of St in the Al matrix. Detached Al fragments can be observed in the St matrix. The material flow at the interfaces of Al/St is crossed, and no flow appears to occur in Al. Figure 6e shows the outer region of the end face of St, where the flow lines of Al just near the interface appear to be bent parallel to the interface. The regions shown in Figure 6d,e were under the influence of the shoulder and pin without direct contact with St with the tool. Figure 6f shows the Al/St interface at a location where there was direct contact between the tool and St. The flow lines are parallel on two sides of the interface. Figure 6g shows the Al/St interface that was under the influence of the bottom of the pin without direct contact with the pin. The patterns of material flow show that St was bent and pulled far away from the pin by the influence of Al flow. In fact, the pin did not have any direct role in the flow of St. The flow lines on two sides of the interface are completely crossed at the interface and thus are non-parallel. Figure 6h shows the Al/St interface that was under the influence of and in direct contact with the bottom of the pin. The flow lines on both sides of the interface are parallel. These results imply that the flow lines are parallel on two sides of the interface when the tool is in direct contact with St.



It should be noted that neither the IMC nor the microscopic defects at the interface can be observed in the optical microscopy images. For the observation of IMCs and micro defects, only the SEM technique can provide useful images. Figure 7a shows the cross-section of the weld corresponding to the second pass of the weld. Figure 7b shows a BSE SEM image of the vertical interface where the pin was in direct contact with St during the FSW. Figure 7c,d show SE and BSE images taken at higher magnification in the area where there was no direct contact with the pin. A gap can be seen in this area, indicating a kissing bond. No protrusion of Al into St is observed in this region. This region corresponds to the regions shown in Figure 6g, where the flow lines were unparallel on two sides of the interface. Figure 7e–g shows the SEM images taken from various parts of the interface of Al/St located at the bottom of the pin on the right side (the first pass). The regions away from the pin periphery possess a kissing bond (Figure 7c,d,f–h), while the regions in contact with the pin exhibit an IMC layer at the interface showing a bond (Figure 7b). The interface shown in Figure 7b corresponds to Figure 6h, where the flow lines are parallel on two sides of the interface. The SEM images with kissing bond correspond to Figure 6g, where the flow lines are crossed at the interface.



Figure 8a–f shows SEM images from the end-face of St, which is influenced by both the shoulder and the pin. A few entrapped Al fragments can be observed inside this part of St. This is due to the mixed upward-lateral flow of St that occurred in two passes on two sides during FSW. The interfaces of Al/St in this region are all of the kissing bond type, around which the material flow lines are crossed (Figure 6d).



Figure 9a,b shows the SEM images of the vertical Al/St interface created during the second and first welding passes, respectively. In the second pass, the interface is non-uniform, and the thickness of the IMC layer varies between 1.0–3.5 μm. The IMC layer in the first pass is uniform, with an average thickness of 5 μm. The flow lines around these interfaces are parallel, as shown in Figure 6f. EDS line scan analyses across the interfaces (yellow lines) are provided in Figure 9c,d. The presence of a gradient of the Fe and Al elements at the interface is an indicator of the presence of the IMC layer.



Figure 10a shows the load-displacement curves obtained from testing the joints in the skin and stringer directions. Figure 10b shows a schematic representation of the joints’ failure process. When the joint is loaded in the direction of the stringers, both the maximum load and the ductility are higher than when the joints are loaded in the direction of the skin. This suggests that the St is pulled out from Al when the joint is loaded in the stringer direction. In contrast, when loaded in the skin direction, the specimen failed along the Al/St interface of the first pass.



Figure 11 shows SEM images of different parts of the fracture surface of the joint loaded in the skin direction. Region a (Figure 11a) shows the fracture through Al. This area failed in a ductile manner due to the absence of the Al/St interface. The fracture surface shown in Figure 11b (region b) exhibits dimples indicative of ductile damage, which corresponds to the interface shown in Figure 7b and Figure 6h. The SEM images shown in Figure 11c–e (Regions d and c) are the images of the fracture surfaces taken from the St and Al sides, respectively. These brittle fracture surfaces correspond to the vertical Al/St interface shown in Figure 10 and Figure 6f. In fact, this fracture surface is a pseudo-brittle one whose mechanism has been thoroughly explained in a previous paper by the authors [31]. The tearing ridges of this fracturing process can be observed in Figure 11e.



The SEM images of the fracture surface of different areas of the specimen tested in the stringer direction are shown in Figure 12. Figure 12a shows the fracture surface from the Al side of the vertical interface corresponding to Figure 6f and Figure 10. Dimples are evident in this area, again indicating a ductile fracture. A low-magnification image of the fracture surface from the St side of the interface, corresponding to Figure 6f and Figure 10, is shown in Figure 12b. Highlighted blue regions in this figure correspond to the interfaces shown in Figure 6d,h. Higher magnification images shown in Figure 12c show the dimples whose EDS analysis is provided below. The EDS analysis results only show Al, indicating that the fracture has started on the Al base material, close to the Al/St interface. Figure 12d shows the SEM image of the fracture surface, whose brittle region corresponds to the interface shown in Figure 6h. A higher magnification of this surface is provided in Figure 12e, whose EDS analysis is provided below. The presence of both Al and Fe indicates that fracture has occurred through the IMC layer. Figure 12f shows the SEM image of the fracture surface from the end-face of St. The brittle region corresponds to the interface shown in Figure 6d. Figure 12g shows the fracture surface presenting a brittle region consistent with region d. The higher magnification of the ductile region shown in Figure 12h is similar to that of region d.




4. Discussion


The results of the metallographic examination and the SEM images show that when the flow lines on both sides of the Al/St interface are parallel, there is a metallurgical bond presenting a layer of IMC compound at the interface. This happens when the probe, which is inside the Al matrix, comes into contact with St. Otherwise, a “kissing bond” will form, causing an incomplete bond between Al and St. This “kissing bond” is unavoidable because the length of the pin should be less than the thickness of the Al so that the lower part of the specimen does not come into contact with the pin. This kissing bond, which exists in the fillet corner (see Figure 13a), has been previously reported during the T-joining of Al alloys by FSW [20]. The entrapped Al fragment inside the steel at the end-face of St (Figure 6d) is due to the combined upward and inside-lateral flow of St in the first and second welding passes (Figure 13a). This flow of material leads to the formation of a hook that obstructs the flow of Al on the other side. The two hooks formed in two passes converge and trap Al. Since there is no flow in this confined Al region, no Al/St interface bonding forms in this region (as seen in Figure 8).



Since the process is performed in two passes, the IMC layer at the Al/St interface is not uniform. Shoulder and pin contribute mainly to the nucleation and growth of the IMC layer during FSW, respectively [32]. The interface at the first welding pass is affected by the heat of the second pass, which leads to the growth of the previously formed IMC layer (see Figure 13a,b). Moreover, the discontinuities of the IMC layer at the interface disappear, resulting in a uniform IMC layer there. This causes the fracture toughness of the interface to decrease [30] and will therefore cause the joint to fail when loaded in the skin direction at the interface of the first weld pass. The disappearance of discontinuities during the second pass is attributed to the higher diffusion rate of atoms at the curvatures. The flux of atoms at the tip of a curve ( J ) is obtained from [33]:


  J =  J 0   (  1 +   γ Ω   k T   K  )   



(1)




where    J 0    is the flux of atoms across a flat interface,  γ  is the surface energy,  T  is temperature,  k  is Boltzmann’s constant,  Ω  is the atomic volume, and  K  is the curvature. A high curvature at the interface between IMC and St causes the J-value to be so high that the curvatures grow rapidly and turn into flat surfaces (Figure 13c). Therefore, the IMC layer in the first weld is thicker and straight due to the heat effect of the second weld on the first, while the IMC layer in the second weld is irregular and thin (see Figure 13b). This causes the first weld to be weak, and for this reason, during a tensile test in the skin direction, the joint fails at the interface of the first weld.



The effect of heat generated during the second pass on the first pass in T-joints was also observed during similar joining of Al alloys [21]. In this case, the joint failed from the HAZ of the first pass, where the hardness was reduced due to the additional heat delivery.



The fracture surface results show that the fracture pattern obtained under loading in the stringer direction is not the same as that found for loading in the skin direction. Based on these observations, it becomes possible to identify the pattern of the fracture surface in each loading condition. The schematics of fracture mechanisms in both loading conditions are shown in Figure 14. These interfaces, which appear to have experienced brittle failure when loaded in the direction of the stringers, exhibited a morphology typical of ductile fracture when loaded in the direction of the skin and vice versa. This can be due to the stress state at the interface, which must be determined for the two loading conditions. This was achieved with the FE simulation, and the obtained results are presented below.



The results of the FE simulations help to understand the stress state along the Al/St interfaces in various locations of the joints. Matching these results with previous observations helps to correlate the fracture behavior with the loading condition. Figure 15a,b shows the shear stress and normal stress developed during loading in the direction of the skin, respectively. Figure 16a,b shows the shear stress and normal stress developed during loading in the direction of the stringer, respectively. The schematic representation of the fracture surfaces in Figure 14 has been added for a better understanding of the fracture mechanism. Figure 17a–d shows the tensile and shear stress distribution along the Al/St interfaces in two loading conditions. These results were obtained when the applied external loads during the simulation were slightly lower than the experimentally determined failure loads. According to these results, the vertical interface is under tensile and shear stress when loaded in the skin and stringer directions, respectively. The opposite holds for the horizontal interface. These results also show that, under shear loads, the interface fails in a ductile manner. In contrast, the failure is brittle when the joint is loaded in the normal direction. In a ductile fracture, which occurs under shear stress, failure occurs from the parent material Al. In ductile fracture, which occurs during tensile loading, failure occurs at the interface of the IMC layer.



The results of the present study show that joining Al/St in T configuration by FSW is technically feasible. The present study dealt with a T-joint in which Al was used as the skin. If St is to be placed as skin, a new procedure needs to be developed and modified. The results also show that the Al/St interface, which contains a brittle IMC layer, acts more strongly under shear loading. In this case, the Al near the interface fails in a ductile manner so that the surface of St after fracture is covered by Al. These results can be used for designing the joint geometry of Al/St, doing so in a manner that ensures that the interface is under shear load to prevent catastrophic failure.




5. Conclusions


A successful Al/St-T joint was created using the FSW process in two passes, where Al was the skin and St was the stringer. The obtained joints were completely metallurgical, without any mechanical interlock. The following results were obtained after the characterization of the joints:




	1-

	
The material flow around the tool can form a metallurgical bond only if the flow lines of the two materials (Al and St) are in the same direction. Otherwise, a “kissing bond” is formed, which has very low strength. No IMC layer was observed in these kissing bonds;




	2-

	
The thickness of the IMC layer is slightly higher in the first welding pass, which is due to the heat effect of the second welding pass. As a result, the irregularities formed at the interface in the first pass disappear in the second pass, mainly due to the growth of IMC. This leads to a weakening of this interface and leads to its failure during the tensile test in the direction of the skin;




	3-

	
The fracture load is higher when the load is applied in the stringer direction. In this state, a larger part of the interface is in the shear mode. In this mode, the Al/St interface breaks in a ductile manner through the Al instead of undergoing a brittle fracture through the IMC layer.
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Figure 1. (a) Drawing of the fixture used to perform the T-joint. (b) The fixture for T-joining. (c) The schematic of the process shows Al and St sheets and the location of the first and second welds. (d) Positioning of the tool with respect to the specimen. 
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Figure 2. (a) Crown of the weld showing the skin side of the T-joint. (b) Cut specimens that were used for both microstructure and mechanical testing. 
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Figure 3. (a,b) Schematic of the tensile tests used for determination of the joint strength in the skin as well as stringer directions. (c) Fixture used for tensile testing in stringer direction. (d) Tensile testing in the stringer direction. 
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Figure 4. (a) Schematic of the joint geometry used for the FE simulation. (b) Mesh shape and elements used for the simulation. 
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Figure 5. Cross section of Al-St T-joint showing the interface and the nugget zone. 
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Figure 6. Metallography image of various zones of the weld region. (a0) The macrograph of the weld. (a–c) Around the St fragment in the matrix of Al. (d,e) From the end-face of St in the junction of pin- and shoulder-influenced region. (f) From the interface around the pin-contacted region. (g) Under the pin without contact with the pin. (h) Under the pin with the contact of the bottom of the pin. 
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Figure 7. (a0) The macrograph of the weld. (a–d) SEM images of the second weld pass of the T-joint taken from the bottom of the pin. (e–h) SEM images of the first weld pass of the T-joint taken from the bottom of the pin. 
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Figure 8. (a0) Macrograph of the weld with the rectangle marking the end-face of St in the pin- and shoulder-influenced region. (a) BS SEM image of this region. (b,c) SE and BSE images of the Al/St. (d–f) Higher magnification SE and BSE images of the Al/St interface. 
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Figure 9. (a0) The macrograph of the weld. (a,b) The vertical Al/St interface of the second and first weld, respectively. (c,d) Chemical line scan analysis across the interface along the yellow lines marked in a and, respectively. The color maps of elements are provided as insets. 
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Figure 10. (a) Load-displacement curves of the Al/St T-joint tested in skin and stringer directions. (b) The schematic of the T-joint failure under two loading conditions was drawn from the real tested specimens. 
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Figure 11. (a0) The joint after fracture. SEM images of the fracture surface of Al/St T-joint loaded in the skin direction taken from various regions; (a) from Al, (b) from region b, which was in shear loading, (c) from region c in Al, which was in normal loading, and (d,e) from the St interface which was in normal loading. (f) The schematic of the fractured joint with different regions marked. 
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Figure 12. (a0) The joint after fracture. SEM images of the fracture surface of Al/St T-joint loaded in the stringer direction taken from various regions; (a) from Al of the vertical interface, (b) from St of the vertical interface. The highlighted blue regions show the brittle fracture. (c) Higher magnification from the St side of the vertical interface. (d) From the Al side of the horizontal interface. (e) Higher magnification image thereof. (f) From Al in contact with the end-face of St. (g) From Al of the vertical interface. (h) Higher magnification image thereof. (i) The schematic of the fractured joint with different regions marked. (j) The EDS analyses taken from brittle and ductile regions. 
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Figure 13. (a) Schematic of FSW during the second welding pass. The red arrows show the direction of material flow in the second pass. The black arrows show the flow of heat from the second pass to the first pass, causing the IMC layer to grow. (b) The interfaces of Al/St in the second and first pass (see also Figure 9a,b). (c) The rapid growth of the tip curvatures of the IMC layer of the first weld due to the heat of the second weld. 
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Figure 14. Schematic of T-joint failure under (a) stringer loading, (b) skin loading. 
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Figure 15. (a) The shear and (b) tensile stresses developed in the T-joint loaded in the skin direction. The arrows point to the schematics of fracture. 
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Figure 16. The (a) shear and (b) tensile stresses developed in the T-joint loaded in the stringer direction. The arrows point to the schematics of fracture. 
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Figure 17. The tensile and shear stress distribution along the interfaces of the Al/St (a,c) correspond to the vertical interfaces, and (b,d) correspond to the horizontal interfaces shown above the diagrams in two loading conditions. (a,b) correspond to the skin loading, and (c,d) correspond to the stringer loading. 
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