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Friction stir welding (FSW) is a solid-state joining technique, which can avoid surface distortion and grain coarsening, and is very suitable for the joining of magnesium (Mg) alloys. However, a pronounced and inhomogeneous deformation texture was usually formed in the stir zone (SZ) of Mg welds. This has significant effect on the joint strength and fracture behavior of FSW Mg joints. In this review, microstructure and texture evolutions in weld zone (WZ) are analyzed based on the electron backscatter diffraction (EBSD) data. Schmid factor (SF) changes for slip and extension twinning were observed and discussed. The localized plastic deformation and fracture mechanisms of Mg welds are analyzed. In addition, some methods for improving the joint strength of FSW Mg welds are tested. Finally, the research direction of FSW Mg alloys in the future is determined.
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INTRODUCTION

Mg alloys continue to receive significant interests in automotive and aerospace industries due to their obvious advantages of low density and high specific strength (Barnett et al., 2004; Suhuddin et al., 2009; Yang et al., 2010; Kainer, 2016; Dieringa, 2017). To widen their application, it is important to consider the advanced joining technology of Mg alloys (Lee et al., 2003; Xunhong and Kuaishe, 2006; Xie et al., 2007). Unfortunately, conventional fusion welding faces many challenges such as porosity, crack, intolerable distortions, emission of non-toxic fumes and evaporative loss of alloying elements (Commin et al., 2009; Cam, 2011). As a solid-state joining technique, friction stir welding (FSW) can avoid solidification problems associated with conventional fusion welding and has great potential in welding light metals such as Mg alloys (Woo et al., 2006; Lee et al., 2007; Afrin et al., 2008; Argade et al., 2012; Chen et al., 2013; He et al., 2014; Sidhar et al., 2016).

FSW was invented at the Welding Institute (TWI) of the United Kingdom in 1991, and it was initially applied to aluminum alloys (Thomas et al., 1991, 2003). During FSW, a non-consumable rotating probe is inserted into the abutting edges of the workpieces and traversed along the line of the joint (see Figure 1). The localized heating softens the materials around the probe. The combination of tool rotation and translation leads to movement of materials from the front to the back of the probe. Severe plastic deformation and friction heat in this process lead to dynamic recrystallization in weld zone (WZ), causing significant grain refinement (Freeney and Mishra, 2010; Xin et al., 2013b; Ni et al., 2014). Based on the basic principles of FSW, friction stir processing (FSP) technique was developed by Mishra et al. (1999) and Mishra and Mahoney (2001) mainly for the purpose of microstructure modification (Berbon et al., 2001; Bhargava et al., 2009; Cui et al., 2009; Yuan et al., 2011, 2013; Mansoor and Ghosh, 2012; Jain et al., 2013; Nene et al., 2018). Mohan et al. (2013) found that the average grain size of the FSP AZ91 alloy was 0.5 μm, which exhibits high strain rate superplasticity. The elongation of 1,251% was achieved at a strain rate of 1 × 10−2 s−1 and temperature of 330°C.


[image: Figure 1]
FIGURE 1. Schematic illustration of the FSW process.


Previous studies confirmed that various series of Mg alloys, such as AZ (Mg-Al-Zn) (Afrin et al., 2007, 2008), AM (Mg-Al-Mn) (Cavaliere and De Marco, 2007), and ZK (Mg-Zn-Zr) (Mironov et al., 2007; Xie et al., 2008) have been successfully joined by FSW. However, a pronounced and inhomogeneous texture with (0001) plane roughly parallel to the probe surface was generally formed in stir zone (SZ) (Park et al., 2003a,b; Woo et al., 2008; Xin et al., 2012). As well-known that Mg alloys have strong mechanical anisotropy due to the limited number of slip systems and the large difference of critical resolved shear stress (CRSS) among the various slip and twinning systems (Song et al., 2019). Therefore, the presence of strong local texture in SZ would cause severe non-uniform plastic deformation during transverse tensile tests on the Mg joint (Ma, 2008; Xin et al., 2013a; Liu et al., 2014). This significantly deteriorates the joint strength. In addition, it was found that fracture consistently initiates in the transition region between thermal-mechanical affected zone (TMAZ) and SZ-side on advancing side (Lim et al., 2005; Yang et al., 2010; Dorbane et al., 2016).

As seen from the above descriptions, WZ is the weak place for FSW Mg alloys. In-depth understandings on its mechanical property and deformation behavior are necessary for the wide application of Mg joints. In this paper, the localized plastic deformation and fracture mechanisms of Mg welds with typical micro-texture development are discussed. In addition, some methods for improving the joint performance are tested. Finally, the research direction on FSW Mg alloys is determined.



PROPERTIES AND DEFORMATION MECHANISMS OF FSW MG JOINT


Texture and Joint Strength

Figure 2 demonstrates the evolution of complicated microtexture in the WZ of an FSP Mg alloy (Xin et al., 2010). The base material (BM) has an initial basal texture with the c-axis of most grains parallel to normal direction (ND). A localized strong basal texture is formed in SZ and it tends to tilt from transverse direction (TD) to processing direction (PD) with the position moving from SZ-side to SZ-center. This is mainly related to the shear stress generated by the rotation of the cylindrical probe surface (Park et al., 2003a). Moreover, the <0001> direction tends to tilt to ND at upper and bottom sections of SZ. The formation of <0001>//ND texture in the upper and bottom sections is attributable to the stirring effect of the tool shoulder and the probe tip, respectively. The texture in TMAZ was also affected by the stir probe, which is more diffuse compared to that in BM, and the <0001> direction was tilted toward TD. The <0001> texture in heat affected zone (HAZ) is similar to that in BM, but more diffuse. The <0001> direction in crown zone (CZ) slightly deviates from ND due to the stress from the tool shoulder.


[image: Figure 2]
FIGURE 2. Overall cross-sectional macrostructure of the FSP AZ31 Mg alloy and the {0002} pole figures in various regions of the joint (Xin et al., 2010) (Copyright © 2010, Trans Tech Publications Ltd.).


The complicated texture distribution in Mg welds has strong influences on joint performance (Xin et al., 2013a; Liu et al., 2014; Moraes et al., 2017). As shown in Figure 3, the yield strength (YS) and ultimate tensile strength (UTS) of an FSP AZ31 alloy are much lower along TD than that of the as-received plate (Xin et al., 2012). Moreover, the elongation of the former is obviously decreased. The mechanical properties of several kinds of FSW Mg alloys [AZ31 (Yang et al., 2010; Xin et al., 2014; Ugender, 2018), AZ61 (Park et al., 2003b; Singh et al., 2018), ZK60 (Xie et al., 2008), ZM21 (Harikrishna et al., 2010), and Mg-Zn-Y-Zr (Xie et al., 2007)] were further summarized, as shown in Figure 4. It is seen that the YS and UTS of FSW Mg alloys are generally lower than that of BM. Therefore, it is desirable to understand the effects of textural variation in Mg welds on joint strength and the underlying plastic deformation mechanism.


[image: Figure 3]
FIGURE 3. Stress-strain curves of the transverse tensile specimen cut from the BM and the FSP AZ31 Mg alloy (Xin et al., 2012) (Copyright © 2012, Springer Nature).



[image: Figure 4]
FIGURE 4. Summary of the mechanical properties of FSW Mg alloys: (A) YS and (B) UTS.




Inhomogeneous Deformation of Joint

It is seen from Figure 5A that the Mg alloy joint has suffered severe non-uniform macroscopic plastic deformation (Xin et al., 2012). To estimate the inhomogeneity of plastic deformation, the thickness and width reductions in the different regions were measured and are presented in Figure 5B. It reveals that SZ-side experienced the largest deformation, while SZ-center and HAZ experienced the least deformation. Consequently, necking was observed in SZ-side. Xin et al. (2012) calculated the Schmid factor (SF) maps for an FSP AZ31 plate based on EBSD data, as shown in Figure 5C. It is seen that SZ-side has the largest mean SF (~0.40) for basal slip, while SZ-center has the lowest (~0.14). Considering basal slip is the most easily activated deformation mode for Mg alloy at room temperature (RT), the SF analysis indicates that SZ-side is the softest and SZ-center is the hardest during transverse tensile tests. This is consistent with the observed inhomogeneous deformation for Mg joints as shown in Figure 5B. The grains in SZ-center, TMAZ, and HAZ are oriented favorable for prismatic slip and c+a slip. However, these slip modes have high CRSS, and hence are difficult to activate at RT. Thus, the profuse activation of basal slip should be an important factor for necking in SZ-side.


[image: Figure 5]
FIGURE 5. (A) Macrograph of the Mg weld after transverse tensile test; (B) measured with width and thickness at different sub-regions of the FSP AZ31 Mg alloy after tensile fracture. The original width and thickness of tensile samples were 5 and 3 mm, respectively; (C) SF maps of the various regions of the Mg weld (Xin et al., 2012) (Copyright © 2012, Springer Nature).


It is known that {10–12} extension twinning is also an important deformation mode for Mg alloys because of its low CRSS (Barnett, 2007; Lin et al., 2016). Besides, twinning activity is highly dependent on grain orientations with respect to the loading direction. As shown in Figure 6A, few extension twin boundaries were observed in SZ-center and there is no obvious peak around 86° in the misorientation angle distribution. On the contrary, considerable twin boundaries are identified in SZ-side (Figure 6B) and the corresponding misorientation angle distribution indicates that there is a strong peak around 86°. This implies that the profuse activation of extension twinning is also responsible for the necking occurred in SZ-side. Theoretical calculation, however, indicates that the strain accommodated by extension twinning is very limited (Barnett, 2007). On the other hand, basal slip can continuously accommodate the applied plastic strain. Therefore, it is considered that the strain localization occurred in SZ is mainly attributed to basal slip. In addition, the profuse activation of basal slip and extension twinning in SZ-side is an important reason for the lower YS and UTS of the joint compared to BM.


[image: Figure 6]
FIGURE 6. EBSD orientation maps of the (A) SZ-center and (B) SZ-side after ~5% strain along TD and the corresponding misorientation angle distributions (Xin et al., 2012) (Copyright © 2012, Springer Nature).


Many studies found that an “embossed” phenomenon appears in SZ-center during the transverse tensile tests on FSW Mg joints (Xin et al., 2013a; Liu et al., 2014). Prangnell and Heason (2005) and Yang et al. (2014b) attributed this to the different sheared material layers between the two sides of the specimen. However, Xin et al. (2013a) believed that the activation of basal slip in SZ-side was a major factor for the formation of this “embossed phenomenon.” The reasons for this behavior are complicated and further studies are certainly required.

It is difficult to observe the material flow in SZ during the actual welding process. Numerical simulation can help overcome this problem (Yu et al., 2012; Baffari et al., 2018; Iqbal et al., 2019). For example, the material flow and temperature field (Nandan et al., 2006) near the probe surface have been predicted and the mechanical response (Chiumenti et al., 2013) have been analyzed during FSW process. Kim et al. (2017) simulated the texture evolution in SZ of AZ31 Mg alloys during FSW process using a visco-plastic self-consistent (VPSC) polycrystal model. Ren et al. (2019) developed a crystal plasticity finite element model (CPFEM) to simulate the localized deformation of an FSW AZ31 Mg joint during bending. They confirmed that the strongly localized texture in conjunction with the different activities of slip and twinning in each sub-region cause the severe strain heterogeneity in welding direction (WD). Moreover, the localized deformation of FSW Mg alloys during transverse tensile test have been analyzed by digital image correlation (DIC) technique (Mironov et al., 2017) and surface depth measurement (Liu et al., 2014). In their study, a random ink pattern was applied on sample surface and the movement of the ink pattern during test was recorded by a high speed digital camera. Then, the in-plane Lagrangian strains can be obtained by the DIC technique.



Fracture Mechanisms

The fracture behavior of FSW/FSP Mg alloys is a hot topic of current research. Extensive studies indicate that fracture consistently initiates in the transition region between SZ and TMAZ on advancing side (AS) (Lim et al., 2005; Fu et al., 2012). It was found that fracture initiated in SZ where the grains were oriented favorable for basal slip (Park et al., 2003b; Woo et al., 2006). Some researchers further revealed that extension twinning activated at SZ-side can accelerate fracture (Xin et al., 2012). Some other researchers attributed fracture initiation to the incompatible plastic deformation at TMAZ/SZ interface where texture sharply changed (Xin et al., 2010, 2012; Yang et al., 2010; Shang et al., 2017a).

As seen from the above reports, the transition zone is a weak place. Therefore, it is necessary to have an in-depth understanding on the deformation behavior of this region. Figure 7 shows the SF maps for extension twinning and basal slip based on the EBSD data in transition region on AS (Xin et al., 2013a). The SF maps were obtained by an in-house program developed by Xin. For each orientation, six twin variants were considered and the maximum SF was taken to color the maps. If the strain generated by the twin is opposite in direction to that of the imposed strain, the SF was assigned zero. Figure 7A reveals that a narrow region (~100 μm) in SZ-side, close to SZ/TMAZ interface has the highest SF for extension twinning. A relatively wide region in SZ-side, slightly away from the SZ/TMAZ interface shows the highest SF for basal slip (Figure 7B). Based on the SF maps, SZ-side was divided into two micro-regions (Xin et al., 2013a). One is the Easy to Activate Extension Twinning (EAET) region and the other is the Easy to Activate Basal Slip (EABS) region. In addition, the SF for extension twinning in TMAZ is lower than that in EAET, showing a boundary in the transition region. {0001} pole figures of various micro-regions are presented in Figure 7C, indicating that the c-axis is nearly parallel to TD in EAET region, while it is inclined ~40° toward TD in EABS region. The <0001> direction was tilted ~25° clockwise to ND in TMAZ. This sharp texture change in each micro-region might cause deformation incompatibility and initiate fracture (Xin et al., 2010).


[image: Figure 7]
FIGURE 7. SF maps of deformation mechanisms for tension along TD at the transition region between TMAZ and SZ-side on AS (Xin et al., 2013a): (A) extension twinning, (B) basal slip; (C) {0001} pole figures at the transition zone (Copyright © 2013, ELSEVIER S.A.).


Recently, Liu et al. (2016a) reported that a triple junction region existed among TMAZ, CZ and SZ in AS, but it was not evident in RS. Drastic texture changes were found among the triple regions. They concluded that the significant SF differences among the different parts are the evidences for deformation incompatibility. This accelerated fracture in the triple junction region in AS. However, some researchers found that fracture also initiates in RS during transverse tensile test on FSW AZ31 Mg alloys (Liu et al., 2015). They attributed this rare situation to the easier activation of basal slip in RS than AS, which caused more severe strain localization in RS. In addition, Mironov et al. (2017) studied the tensile behaviors of FSW AZ31 alloys along TD using EBSD and DIC technique, and found that failure initiates at the weld root and originates from {10–11}–{10–12} double twinning.




WAYS TO IMPROVE THE JOINT STRENGTH

The complex texture distribution in FSW Mg joints largely deteriorates the joint strength and hinders their widespread application (Lim et al., 2005). Therefore, great efforts have been devoted to improve the joint performance. It was found that welding parameters such as weld speed and rotation rate can control heat input and modify grain size and texture of an FSW joint (Commin et al., 2009; Padmanaban et al., 2010; Yang et al., 2010, 2013; Liu et al., 2011; Chowdhury et al., 2013; Hütsch et al., 2014; Pan et al., 2016; Rao et al., 2016; Alireza Askariani et al., 2017; Richmire et al., 2018). So, it is possible to improve the joint strength by varying welding parameters. Shang et al. (2017b) indicated that the non-uniform deformation of FSW AZ31 Mg joints can be suppressed by modifying the texture distribution through increasing the tool rotation rate, which then improved the tensile strength and ductility. Xu et al. (2018) joined AZ31 plates by FSW with an extremely low welding speed and rotation rate. They found that the strong texture is randomized in the whole WZ and the strength of FSW Mg joints was enhanced without ductility loss.

Xin et al. (2016) joined AZ31 plates by FSW with two types of welding parameters, and these were referred to as FSW-H joint (rotation rate of 1,600 rpm and welding speed of 600 mm/min) and FSW-L joint (rotation rate of 800 rpm and welding speed of 90 mm/min), respectively. They found that welding parameters largely affected the texture distribution in SZ (Figures 8A,B). The c-axis is nearly parallel to the WD-TD plane in FSW-H joint, while it was rotated away from the WD-TD plane in FSW-L joint. Moreover, high welding speed and rotation rate increased the size of SZ and decreased the size of CZ. The SF distributions for basal slip (Figure 8C) and extension twinning (Figure 8D) were calculated as a function of (0001) pole orientation. The tensile stress along TD was assumed for the calculation. It shows that for FSW-H joint, the grains in SZ-side are favorable for extension twinning and the grains in the region close to SZ-side are favorable for basal slip. While for FSW-L joint, the grains in both areas are more favorable for basal slip. As a consequence, the activation ability of basal slip and extension twinning was changed, which therefore influence the joint strength, inhomogeneous plastic deformation and fracture behaviors. The stress-strain curves of the as-received plate and AZ31 Mg alloy joints are displayed in Figure 9. It shows that the YS is almost the same for the two kinds of Mg joints, lower than that for BM. However, the elongation and UTS of the FSW-H joint increased compared to that of FSW-L joint.


[image: Figure 8]
FIGURE 8. {0001} pole figures for different regions in the SZ of (A) FSW-H joint and (B) FSW-L joint (Xin et al., 2016); (0001) pole figures showing the calculated SF for (C) basal slip and (D) extension twinning. The region close to SZ-side and SZ-side in FSW-H and FSW-L joints are superimposed on the pole figures and indicated by □, ◦, ▵, and, ▿ respectively (Copyright © 2016, ELSEVIER BV).



[image: Figure 9]
FIGURE 9. Stress-strain curves of the as-received plate and FSW AZ31 Mg alloys (Xin et al., 2016) (Copyright © 2016, ELSEVIER BV).


Because of the strong anisotropic mechanical properties of Mg alloys, texture control post-weld deformation could be another effective way to improve the joint strength of FSW/FSP Mg alloys. Lee et al. (2007) reported that a post compressive strain of ~6% could largely raise the YS of an FSP Mg plate, which was attributed mainly to texture strengthening. Rolling (Figure 10A) (Xin et al., 2013b), tension (Figure 10B) (Xin et al., 2014) and compression (Figures 10C,D) (Liu et al., 2016b) have been applied on FSW AZ31 Mg alloys to improve their joint strength. For brevity, only post-weld rolling is discussed in the following.


[image: Figure 10]
FIGURE 10. Schematic illustration of the post-weld deformation of FSW AZ31 Mg alloys: (A) rolling, (B) tension along TD, (C) compression along ND, (D) compression along WD.


The change of crystallographic orientations in FSW AZ31 Mg plate during post-weld rolling is illustrated in Figure 11A. It is clear that drastic grain reorientation was induced by extension twinning especially in EABS and EAET regions after rolling. The twinned grains have a texture with the c-axis nearly parallel to ND, i.e., the applied stress direction. Figures 8C,D indicate that this c-axis//ND texture is hard for the activation of basal slip and extension twinning during tension along TD. So from texture strengthening point of view, post-rolling will greatly increase the transverse tensile strength of SZ-side. The stress-strain curves along TD before and after post-rolling are presented in Figure 11B. As expected, all of the specimens with subsequent rolling exhibit much larger tensile stress compared with the FSW-undeformed specimen.


[image: Figure 11]
FIGURE 11. (A) Schematic illustration of the changes of crystallographic orientation after subsequent rolling process for FSW AZ31 Mg alloy; (B) stress-strain curves of the transverse tensile tests (Xin et al., 2013b) (Copyright © 2013, ELSEVIER S.A.).


Recently, Shang et al. (2019) found that the strength of FSW AZ31 Mg joints can be significantly improved by an additional pass of FSP. The YS of the joint was enhanced from 96 MPa (original FSW joint) to 122 MPa and the tensile strength increased to be roughly equal to that of BM with no reduction of elongation. The shape of the welding tool also influences the joint strength (Mishra and Ma, 2005). Yang et al. (2010) indicates that the tensile strength of FSW AZ31 Mg joints tended to increase with increasing the shoulder diameter and the elongation was significantly improved. Chen et al. (2013) joined an AZ31B Mg alloy by a double-sided FSW technique, and found that the elongation of the joint increased from 18 to 28% with similar tensile strength as the original FSW. They attributed this improved ductility to the relatively random crystallographic texture in the double-sided FSW joint. Furthermore, some researchers found that the joint strength of FSW Mg alloys can be improved by subsequent aging treatment (Yang et al., 2014a).



SUMMARY AND OUTLOOK

As a solid-state process, FSW can avoid solidification problems and therefore has great potential in welding of Mg alloys. However, strong texture is usually formed in Mg joints, which results in localized plastic deformation, and significantly deteriorates the mechanical properties of welds. This paper discussed the inhomogeneous deformation and fracture mechanisms of FSW/FSP Mg joints with typical texture distributions. In addition, some methods to improve the joint performance of FSW Mg alloys are tested.

The traditional experimental approaches are insufficient for the study of the deformation mechanism of Mg joints such as the “embossed phenomenon” in SZ-center and fracture localization. CPFEM coupled with twin reorientation, fracture criterion and grain size effect would be an effective mean for studying non-uniform plastic strain and fracture behaviors of FSW Mg joint in the future. Exploring simple and efficient methods to modify the textures in WZ, thereby improving the joint performance is also an interesting research direction.
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