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Friction stir welding of high-strength materials such as steels is the impeded by the lack of the vast heat input needed to start the process. Contact friction is considered the most dominant source of heat generation for FSW steels which tends to cause severe wear conditions of the tool hear. To relieve the extreme wear conditions that occur on the tool heads because of FSW steels, we introduce the non-mixing Cu donor stir material to friction stir welding of aluminum alloys. The elastic properties of the Cu donor assisted friction stir welded aluminum alloys are measured using nanoindentation. The hardness and elastic modulus were measured for two regions, the base metal (BM) and the stir zone (SZ). The measurements were conducted for 20% and 60% Cu non-heat treated (NHT) and heat-treated (HT) samples. The nanomechanical properties were measured using nanoindentation with the continuous stiffness method (CSM) in depth control. The HT samples are softer than the NHT samples as expected. However, the 20% Cu NHT and HT samples depicted the same hardness at the SZ. Similar results were observed for the 60% Cu donor stir samples. It therefore concluded that the SZ is softer than the BM for the 20% and 60% Cu donor stir material as expected. The hardness of the weld at the SZ is similar to the hardness of the Al6061-T6 plate, suggesting that the Cu donor stir material did not impact the hardness properties of the Al6061-T6 plate due to the depletion of the Cu donor stir material during the welding process, an important result of the concept of the donor material. The elastic moduli of the Cu donor stir welded samples vary between [image: image] at a depth of indentation of [image: image], which are different from the elastic moduli of Cu 110 ([image: image]) and similar to the elastic modulus of aluminum alloys ([image: image]), an important outcome.
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1 INTRODUCTION
Friction Stir Welding (FSW) technology combines heat input from friction and extreme plastic deformation to produce high-quality joints in aluminum and other alloy systems (Haghshenas and Gerlich, 2018; Cabibbo et al., 2020; Chen et al., 2020; Wang et al., 2020; Ahmed et al., 2021). The technology has been successful in low melting temperatures and low-strength materials such as aluminum and aluminum alloys. However, it needs to be more practical for high-strength materials such as carbon steel, stainless steel, and other metals with relatively high melting temperatures. To date, much of the work on FSW has relied on empirical, trial and error methods to obtain an understanding of the process (Shi et al., 2015; Haghshena and Gerlich, 2018; Gao et al., 2019; Hossfeld, 2022). While the FSW technology advances, fundamental processes such as interacting heat sources, coupling between thermal and mechanical interactions, and developing grain structure and precipitate morphology in the weld zone still need to be understood entirely. There is a need to predict the effect of welding parameters and tool geometry on the temperature, strain fields, and the resulting weld microstructure to obtain significant advances beyond the current state of the FSW technology. One of the challenges for friction stir welding high-strength materials such as steels is the immense heat input needed to start the process (Mandal et al., 2013; Rice et al., 2014). Although contact friction is the dominant heat source for FSW steels, this tends to result in severe wear conditions on the FSW tool (Bousquet et al., 2011; Sahlot et al., 2018; Majeed et al., 2021; Hasieber et al., 2022; Zuo et al., 2022). To mitigate the extreme wear conditions that occur on the tool heads because of FSW steels, some researchers relied more on expensive tool heads such as tungsten carbide, tungsten rhenium alloys, and, more recently, polycrystalline cubic boron nitride (PCBN) tools (Shah and Warke, 2017; Adesina et al., 2018). Other researchers considered heat management alternatives (Mandal et al., 2013; Rice et al., 2014; Maniscalco et al., 2022). Mandal, Rice, Hou, Williamson, and Elmustafa considered a heat management approach that emphasizes recursive plastic heating (RPH). As a fundamental mechanism that operates within the FSW region and provides most of the heat needed to sustain the process. Recently, a thorough numerical (Maniscalco et al., 2022) and experimental (Bhukya et al., 2022) investigation was performed to understand the fundamental interface mechanisms that influence interactions between the tool pin, tool shoulder, and surrounding material flow in the workpiece copper donor material-assisted friction stir welding (FSW) of AA6061-T6 alloy. Cu-assisted FSW joints of AA6061-T6 alloy were prepared at a constant tool rotational rate of 1,400 rpm and welding speeds of 1 and 3 mm/s, respectively. The Cu donor material was selected due to its high thermal conductivity and low hardness/modulus ratio as compared to the AA6061-T6 alloy.
In this research, we measure the elastic properties of the donor assisted friction stir welded aluminum alloys using nanoindentation equipped with the continuous stiffness method (CSM) in depth control. The hardness and elastic modulus were measured for two regions, the BM and the SZ regions. The measurements were conducted for the 20% and 60% Cu solution-treated, six- and 24-h heat-treated samples.
2 EXPERIMENTAL DETAIL
2.1 Samples’ fabrication
FSW samples of AA6061-T6 aluminum alloy with 20% and 60% Cu donor assisted material were fabricated. The Cu donor assisted material represent 20% and 60% of the workpiece thickness. The Cu donor assisted material is intended to support the FSW joining at the plunge stage. Post-weld analysis was characterized in terms of microstructure and mechanical properties. Figure 1 demonstrates schematic illustration of the FSW samples mounted on epoxy puck. The figure depicts Al6061-T6 base metal, 20% and 60% Cu donor materials respectively. The tested samples included 20% and 60% donor stir material solution treated (ST), and non-heat treated (NHT). The samples were solution treated at 540°C for 1 h followed by quenching in the water at room temperature and then further artificially aged at 180°C for 24 h followed by air cooling Table 1 illustrates the different samples designation. More details about the samples fabrication process can be found in Bhukya et al. (2023).
[image: Figure 1]FIGURE 1 | Schematic Illustration of FSW samples mounted on the epoxy puck.
TABLE 1 | Abbreviations and samples’ designation.
[image: Table 1]2.2 X-ray diffraction and scanning electron microscopy with energy dispersive spectroscopy
For X-ray diffraction (XRD) measurement, a Bruker-AXS three-circle diffractometer, equipped with a SMART Apex II CCD detector and graphite-monochromated CuKα radiation were used. The morphology of the films was examined using a JEOL JSM-6060 LV scanning electron microscope-energy dispersive spectroscopy (SEM-EDS). The SEM-EDS was operated at an accelerating voltage of 30 kV.
2.3 Indentation testing
To measure the elastic properties of the FSW samples, indentation tests were carried out using an XP nanoindenter equipped with a continuous stiffness method (CSM). The CSM technique produces the evolution of hardness and elastic modulus as a continuous function of penetration depth into the surface by superimposing a small harmonic force oscillation (usually resulting in a harmonic displacement oscillation of 2 nm or less) on the tip during the loading cycle. This allows the stiffness of contact, and consequently the mechanical properties of the sample to be continuously evaluated by analyzing the harmonic force and harmonic displacement data, as detailed in (Oliver and Pharr, 2004). The indentation tests were carried out in depth and load control modes to a maximum depth of indentation of [image: image] which approximately corresponds to a load of 500 mN. The load control method is a traditional quasi-static test protocol in which the nanoindenter pushes the stylus into the sample surface at a constant rate to a defined load and then holds at that load for a dwell time between 10–20 s and then unload. The calibration of the tip area function was performed on fused silica calibration standards. Indentation tests were conducted for the specified loads and displacements with proper spacing between adjacent indents. An array of indentation tests was performed across the samples’ surface at an indentation depth of up to 5 µm.
3 RESULTS AND DISCUSSION
Figure 2 shows the XRD patterns of the FSW donor stir materials prepared at different percentages of Cu, solution treated, non-heat treated, and 24 h heat treated samples. The diffraction peaks of the FSW donor stir materials, Cu 110 alloy, and the Al6061-T6 base material are labeled in the figure. XRD diffraction of the FSW donor stir materials exhibits crystallographic planes of (111), (200), (220), (311), and (222) orientations at 38.1°, 44.4°, 64.8°, 77.9°, and 82.1° phase angles. The Cu donner material shows characteristic peaks of pure Cu (bottom black line) at 45°, 54.5°, and 83.6°, corresponding to Cu (111), Cu (200), and Cu (220), respectively. As the Cu donor stir material percentage increases the degree of crystallinity of the FSW donor stir material increases as well. It is noted that the 20% and 60% Cu donor stir material resulted in the same orientations of the AA 6061-T6 alloy. It is also observed that regardless of the percentage of the Cu donor stir material and heat treatment the phases of the FSW samples are the same as of the AA6061-T6 alloy, an important result that indicated the Cu donor stir material does not impact the final welded joint. The presence of the Cu donor stir material in the final welded joint, if any, will result in an inhomogeneous weld. The reflections of the orientations (111), (200), and (220) of thecubic FSW phase were present at the initial Al-6061-T6 with highest intensities at 38.1°, 44.4°, 64.8°, and the (311) orientation at 77.9° for the 20% Cu solution treated sample. Literature reports indicate the formation of cubic phases of Cu at 38.1° and 44.4° of Cu Al O2 (Reference code: 96-153-7363) (Gražulis et al., 2009; Gražulis et al., 2015; Merkys et al., 2016; Quirós et al., 2018).
[image: Figure 2]FIGURE 2 | XRD patterns of FSW donor stir materials with different levels of Cu, solution treated, non-heat treated, and 24 h heat treated samples.
The results of this figure suggest that the orientations of the 20%, 60% solution treated, non-heat treated, and heat treated FSW donor stir samples are identical to the orientation of the Al6061-T6 base material. The mixture of the Cu donor material with the Al6061-T6 base material would have adversely resulted in an inhomogeneous weaker weld. However, the Cu donor stir material was completely washed away during the welding process leaving the Al6061-T6 base material intact. This is considered an important result which suggests that the donor Cu stir material is not mixed with the finished FSW welded samples of the Al6061-T6 material. The characteristics of the chemical composition of the FSW donor stir samples as impacted by the Cu stir donor material percentage was examined by SEM-EDS.
Figure 3 shows the SEM image, point and line spectrum EDS analysis of the NHT Al6061-T6 alloy samples with 20% Cu at the SZ. The dotted line on the SEM image shows the 50 points along which the line scan was performed. The element counts of aluminum and other materials are consistent along all the points except the points along the indents due to lower scan volume. The 12th point along the line was taken for point analysis. 88.08% of Al by weight was detected along with 3.35% C, 3.18% O, 4.48% Mg, and 0.91% Si. Figure 4 shows the EDS area mapping of the 20% Cu NHT sample at the SZ across a surface area of 330 × 450 μm2. The densely distributed aluminum is shown in red, while other elements (C, O, Mg, and Si) are sparsely distributed along the surface. Figure 5 shows a 5 µm deep indent in the SZ of a 20% Cu donor stir material NHT sample. The EDS line spectrum analysis represents 50 points along the indent. The Al spectrum of all the 50 points represented by different colors along the indent is similar suggesting that the chemical composition of the welded sample at various depths is identical to the surface. The weight% distribution for all 50 points was similar to the 12th point discussed above (other materials are not seen in the figure due to low intensity). No traces of Cu were detected in the point analysis, line analysis, and area mapping along the surface and indent of the 20% Cu NHT Al6061-T6 alloy. Figure 6 depicts the EDS point analysis plot of the FSW 20%, 60% Cu solution treated, non-heat treated, six- and 24-h heat-treated samples. Three separate regions were selected for the SEM-EDS sample characterization, left (or BM), middle (or SZ), and right (also BM). All three regions generated similar EDS results and we opted to show results of the middle (SZ) and the right (BM). Although we only show Al peaks in the figure, other elements were also present, but in very small insignificant sizes. It was not possible to represent these elements with peaks in the figure due to their incomparable sizes. All the samples at both SZ and BM generated similar EDS results as discussed above for the 20% Cu NHT sample. It is obvious that Al is the predominant element while other elements exist but with very low intensity. It can also be noticed that the Cu donor material was not detected as expected.
[image: Figure 3]FIGURE 3 | (A) SEM image and EDS graph of 20% Cu NHT Al6061-T6 alloy sample at the SZ. (B) Point spectrum. (C) Line spectrum.
[image: Figure 4]FIGURE 4 | (A) EDS spectral analysis for the elemental composition of 20% Cu NHT Al6061-T6 alloy sample at the SZ. The breakdown of the elements distribution is as follows: of (B) Al (88.08%). (C) C (3.35%). (D) Mg (4.54%). (E) O (3.18%). (F) Si (0.91%).
[image: Figure 5]FIGURE 5 | (A) Nanoindentation of 20% Cu NHT Al6061-T6 alloy sample at SZ. (B) EDS line spectrum of 50 points along the indent.
[image: Figure 6]FIGURE 6 | EDS plot of FSW samples with 20% and 60% Cu NHT, 24-h HT, and ST Al6061-T6 alloy samples at SZ and BM respectively.
An illustration of a load-depth from XP tests is presented for 60% Cu NHT samples as shown in Figure 7. The data represent an average of 20 indents. For visual clarity, only CSM depth control test data are presented. The total depth of penetration is [image: image] which corresponds to maximum loads between 400 and 500 mN. The multiple load-depth curves from different indents properly collapse to form a single unloading curve.
[image: Figure 7]FIGURE 7 | Load-depth of 60%Cu NHT samples.
The hardness versus depth of indentation is plotted in Figure 8 for the 20% and 60% Cu NHT and HT samples. The data are plotted for the BM where the BM represents the locations at the right and left of the sample away from the middle of the sample which represents the SZ. The hardness increases with a decrease in the depth of indentation from an average hardness value of 1.13 GPa at a depth of indentation of 4,155 nm to an average hardness of 1.73 GPa at a depth of indentation of 185 nm for the NHT. Similar results were also observed for 60% Cu donor material NHT samples where the hardness increases from 0.87 GPa at a depth of indentation of 4,680 nm to a hardness value of 1.18 GPa at a depth of indentation 316 nm. The HT samples depicted the same behavior. The hardness increases from 0.69 GPa at a depth of indentation of 4,699 nm to a hardness value of 0.92 GPa at depth of indentation of 260 nm for the 20% Cu donor stir HT samples. The hardness also increases from 0.61 GPa at a depth of indentation of 4,699 nm to a hardness value of 1.06 GPa a depth of indentation of 260 nm for the 60% Cu donor stir HT samples. Therefore, the 20%, 60% Cu NHT, and HT stir donor material samples exhibit an ISE typical of the Al6061-T6 alloy. The increase in hardness with the decrease in the indentation depth is known in the literature as the indentation size effect (ISE) (Elmustafa and Stone, 2002; Elmustafa and Stone, 2003; Stegall et al., 2012; Stegall and Elmustafa, 2018). The ISE is commonly observed in aluminum and aluminum alloys. It is obvious that the HT samples are softer than the NHT samples as expected. However, the 20% Cu NHT and HT samples depicted the same hardness at the SZ [image: image]. Similar results were observed for the 60% Cu donor stir samples. The 60% Cu NHT and HT samples depicted a hardness between [image: image] in the SZ region, Figure 9. It therefore concluded that the SZ is softer than the BM for the 20% and 60% Cu donor stir material as expected. The hardness of the weld at the SZ is similar to the hardness of the Al6061-T6 plate, suggesting that the Cu donor stir material did not impact the hardness properties of the Al6061-T6 plate due to the depletion of the Cu donor stir material during the welding process, an important result of the concept of the donor material.
[image: Figure 8]FIGURE 8 | Hardness versus depth for 20% and 60% Cu donor stir NHT and HT BM samples.
[image: Figure 9]FIGURE 9 | Hardness versus depth for 20% and 60% Cu donor stir NHT and HT SZ samples.
A hardness across the weld plot is shown in Figure 10. The data which are obtained using high-load nanoindentation tip for the as welded 1,400 rpm- 1 mm/s sample are shown in this plot. The hardness covers the region from the RS to the AS. The RS of the weld closer to the tool pin depicted lower hardness compared to the AS. Successive plastic deformation caused by the tool pin created plastic strains that cause the hardness to drop in the RS. The lowest hardness occurred in the HAZ with hardness values as low as 0.45 GPa as compared to the hardness values of 0.67 GPa that occurred at the BM.
[image: Figure 10]FIGURE 10 | Hardness profile of the high load nanoindentation tip.
The microstructure of the 20% and 60% Cu donor stir HT samples for the BM and the SZ are shown in Figure 11. The grains are larger for the BM when compared to the SZ grains due to recrystallization that developed at the SZ. The hardness at the SZ for the 20% Cu donor stir HT BM sample is 0.69 GPa as compared to the hardness of 0.93 GPa for the SZ. The 60% Cu donor stir HT BM depicted similar results of a hardness of 0.61 GPa compared to a hardness of 0.82 GPa for the SZ. This also correlates well with the Hall-Petch effect as the hardness increases with the decrease of the grain size.
[image: Figure 11]FIGURE 11 | Microstructure of the 20% and 60% Cu HT samples BM (top left) and SZ (top right).
The elastic modulus of the FSW 20%, 60% Cu, NHT and HT samples is shown in Figure 12. The elastic modulus is calculated from the contact area and the measured unloading stiffness as given by the relation
[image: image]
where [image: image] is the effective modulus, which is given by
[image: image]
where [image: image] and [image: image] are the elastic moduli and Poisson’s ratios for the specimen and the indenter tip respectively. [image: image] is the slope of the unloading curve from the load-depth curve, and [image: image] is the contact area.
[image: Figure 12]FIGURE 12 | Elastic modulus versus depth of indentation.
The elastic moduli vary between [image: image] of the samples. The elastic moduli of Cu 110 and aluminum alloy are 117.2 and 68.9 GPa respectively (Hailat et al., 2012). Therefore, it is obvious that the elastic moduli of the Cu donor stir material welded samples ([image: image]) are much smaller than the elastic modulus of Cu 110 alloy ([image: image]) and very similar to the elastic modulus of aluminum alloy ([image: image]). This is an important result that strongly sustain the hypothesis that the donor stir material is only needed to assist in heating the base metal beneath it and transfer the generated heat from friction to the base metal without mixing with the final finished welded plate. If the Cu donor stir material were to be present in the final finished product, that will probably result in an-inhomogeneous weld that will ultimately be weaker than a weld in the absence of the Cu material. This is a significant outcome of the use of the donor stir material as proved from the XRD, SEM-EDS, and nanoindentation results.
4 CONCLUSION
The nanomechanical properties were measured using nanoindentation. The continuous stiffness method (CSM) in-depth control was used for the 20% and 60% Cu donor stir NHT and HT samples. The hardness and elastic modulus were measured for two regions, the base metal (BM) and the stir zone (SZ). The hardness of the 20% and 60% Cu HT samples at the SZ was higher than the hardness of the same samples at the BM. This decrease in hardness was due to the recrystallization at the SZ zone. It is also concluded that the hardness of the weld at the SZ is similar to the hardness of the Al6061-T6 plate. This suggests that the Cu donor stir material did not impact the hardness properties of the Al6061-T6 plate due to the purging of the Cu donor stir material during the welding process, an important result of the concept of the donor material. The SEM-EDS of the samples also verified this. The XRD results of the 20%, 60% Cu NHT, and HT donor stir samples depicted orientations similar to the orientation of the Al6061-T6 original material, as expected. However, these orientations are different from the orientation of the Cu plate, a significant result that indicates the Cu donor stir material is depleted at the end of the welding process resulting in a homogenous weld. The hardness and modulus results of all the samples depicted the hardness and modulus of the Al6061-T6 plate, which is also expected. The elastic moduli of the Cu donor stir welded samples were found to be different from the modulus of the Cu 110 material and similar to the elastic modulus of aluminum alloys which is also an important outcome.
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