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Abstract:



Two plates of thixoformed 7075 aluminum alloy were joined using Electron Beam Welding (EBW). A post-welding-heat treatment (PWHT) was performed within the semi-solid temperature range of this alloy at three temperatures, 610, 617 and 628 °C, for 3 min. The microstructural evolution and mechanical properties of EB welded plates, as well as the heat-treated specimens, were investigated in the Base Metal (BM), Heat Affected Zone (HAZ), and Fusion Zone (FZ), using optical microscopy, Scanning Electron Microscopy (SEM), EDX (Energy Dispersive X-ray Analysis), and Vickers hardness test. Results indicated that after EBW, the grain size substantially decreased from 67 µm in both BM and HAZ to 7 µm in the FZ, and a hardness increment was observed in the FZ as compared to the BM and HAZ. Furthermore, the PWHT led to grain coarsening throughout the material, along with a further increase in hardness in the FZ.
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1. Introduction


7075 wrought aluminium alloys are used for a wide variety of applications in aerospace and automotive industries due to the outstanding characteristics that they possess, such as high-strength-to-weight ratio, ductility, toughness, low density, and resistance to fatigue [1,2,3,4]. Promising fabrication techniques are required to produce high quality and integrity parts for such applications. Hence, semi-solid metal processing as a single step manufacturing method providing good quality near net shape products has been widely employed to aluminium alloys due to the advantages that this technology offers over the conventional casting techniques [5,6,7,8].



Weldability of the materials is another important factor in aerospace and automotive industries. However, although Al alloys have in the past been considered as difficult-to-weld materials through conventional arc welding techniques, improvements have removed these difficulties and quite few studies have focused on other technologies that offer improvements of weld performance, such as high-power density fusion joining, namely, laser beam welding (LBW) and electron beam welding [1,9,10], and, of course, Friction Welding.



Electron-beam welding (EBW) is a fusion welding process, in which a beam of high-velocity electrons is applied to two materials to be joined. The workpieces melt and flow together as the kinetic energy of the electrons is transformed into heat upon impact. EBW is often performed under vacuum conditions to prevent dissipation of the electron beam. Electron beam welding provides high-quality welded joints for a wide range of thicknesses, and can be operated with high welding speeds [11,12]. Using EBW generates low distortions in the Fusion Zone (FZ), together with a narrow Heat Affected Zone (HAZ), and low residual stresses in comparison with conventional welding techniques [12,13]. To take advantage of these features, many studies centred around the investigation of the EBW on different aluminium alloys. Cam et al. [14] investigated the effects of EBW on mechanical properties and microstructural characterisation of 5005, 2024, and 6061 aluminium alloys, and concluded that a defect free weld line was observed in these alloys. Kocak et al. [12] also evaluated the impacts of EBW on aluminium 7020 alloy, and reported that a loss of hardness in FZ was observed due to the loss of strengthening phases. Currently, there is no reported data published on EBW of thixoformed aluminium 7075 alloy and the aim of this study is to investigate the effect of EBW on the microstructure and mechanical properties of two thixoformed aluminium plates of Al 7075 alloy. These results have been obtained through optical microscopy, Scanning Electron Microscopy (SEM), EDX (Energy Dispersive X-ray Analysis) on the electron beam welded plates, along with hardness measurements. In addition, a post welding heat treatment of the weld zone was conducted at the semi-solid temperature range in order to investigate any microstructural and property changes in the weld material, as well as the parent material. The choice of the Semi-solid range was to replicate the conditions experienced during the thixoforming process that takes place within this temperature range at approximately 50% liquid content.




2. Materials and Methods


Two thixoformed plates of 7075 wrought aluminium alloy were used as starting materials. The chemical composition of the alloy is presented in Table 1 [1].



Table 1. Chemical composition of wrought 7075 Al alloy (wt %) [1].







	
Alloy

	
Cu

	
Zn

	
Mg

	
Mn

	
Cr

	
Ti

	
Si

	
Fe

	
Zr

	
B

	
Al






	
7075

	
0.94

	
4.52

	
2.24

	
<0.01

	
0.22

	
0.05

	
0.02

	
<0.01

	
<0.01

	
<0.01

	
Bal.










The plates were welded using electron beam welding with a speed of 1000 mm/min at TWI Ltd. Cambridge (Great Abington, Cambridge, UK). The accelerating voltage and beam current that were used were 130 kV and 21 mA, respectively. The microstructure of the welded plates was investigated using standard optical metallographic methods. Samples that were cut along the length of the weld line and from the parent material were ground with standard SiC grinding paper and polished with 6 and 1 µm monocrystalline diamond suspension and 0.05 µm silica suspension; the specimens were subsequently etched using sodium hydroxide (10 g NaOH diluted with 100 mL water). The microstructures of the Base Metal (BM), HAZ, and FZ were evaluated using a Nikon Eclipse LV150 optical microscope (Nikon, Tokyo, Japan) and TM3030Plus Tabletop Scanning Electron Microscope (Hitachi, Tokyo, Japan). The chemical analysis of the phases was performed using EDX (Energy Dispersive X-ray Analysis, Hitachi, Tokyo, Japan). Image J software (An open platform for scientific image analysis, https://imagej.net/Welcome) was used to measure the average grain size from optical images using the linear intercept method, the shape factor of the solid grains, calculated based on their perimeter and area, as well as the liquid fraction content of the specimens. The Vickers hardness measurements were conducted using a Zwick hardness tester (ZHU250CL, Ulm, Germany) with 10 kgf applied force for 10 s across different locations on the plates, as shown in Figure 1, and the average values were reported. To investigate the influence of post welding heat treatment on the microstructure and mechanical properties of the welded plates, specimens were heat treated by being kept for 3 min at 610, 617, and 628 °C, respectively (i.e., within the semi-solid temperature range of the alloy) and fast cooled in water.


Figure 1. Illustration of the welded plates and the areas of hardness tests.
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3. Results and Discussion


3.1. Microstructure of the Base Material


Micrographs of the as-received plate of 7075 thixoformed aluminum alloy are presented in Figure 2; the images are taken from different regions of two plates. When considering Figure 2 from the top left to the bottom right, the microstructure of the alloy is uniform throughout the thixoformed plates, and consists of globular, fine, non-dendritic grains in a solid matrix consisting of the last liquid to solidify.


Figure 2. Optical micrographs showing the thixoformed base metal (BM) of 7075 Al Electron Beam (EB) welded plates (a–d) with typical near spheroidal microstructure at different magnifications.
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Scanning Electron Microscopy (SEM) micrographs of the BM are shown in Figure 3a,b. It can be observed that the liquid phase specified with a square was formed at the grain boundaries during the thixoforming process. In addition, the last liquid to solidify from the semi-solid state around the grains is illustrated in Figure 3c. There are two ways by which the liquid can be entrapped inside the grains. First, by segregation of the alloying elements inside the solid grains, leading to the formation of fine liquid droplets during the partial re-melting, and, secondly, when grains are combined to reduce the solid-liquid interfacial energy during the heating stage of the thixoforming process, giving rise to the creation of relatively large liquid droplets contained within the sub-grains. Hence, the base metal consists of alpha-Al, eutectic liquid phase and occasional trapped liquid pools within sub-grains [5].


Figure 3. (a) Scanning Electron Microscopy image of Al 7075 alloy showing the last liquid phase to solidify at grain boundaries; (b) a higher magnification SEM image of the liquid phase; (c) optical microscopy image showing the last liquid solidified around the grains.
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3.2. Microstructural Evolution after Welding


Figure 4 illustrates the micrographs of the EB welded plates. As can be seen, the microstructure contains three regions, namely, Heat-Affected Zone (HAZ), Fusion Zone (FZ), and Base Metal (BM), as presented in Figure 4a. Generally, high heat input and preheating are two factors that increase the width of the HAZ in precipitation hardenable aluminum alloys. However, it can be observed that the HAZ is relatively narrow due to the low heat input during the electron beam welding process [9,14,15]. In addition, it can be said that although aluminum 7075 alloy is prone to cracking, the EBW process did not pose any significant problems, and only few numbers of pores were formed in the FZ, as shown in Figure 4b. Possible reasons for the formation of these pores could be the high specific energy density and evaporation of metal that is associated with EBW and thermophysical features of aluminum, including its low melting point, high thermal conductivity, and surface oxide films, with high melting points [9,14,16]. Figure 4c,d show the weld area at different magnifications. As can be observed, the fusion zone consists of a fine grain microstructure with a significant reduction in the average grain size, as compared to the BM and HAZ. As the total heat input into the material during the EBW is lower than that of other fusion welding techniques due to the higher power density of the EBW process, a finer microstructure in the FZ can be typically obtained using EBW. The difference between the grain size in FZ and HAZ is presented in Figure 4e.


Figure 4. (a) Optical micrographs of Al 7075 EB welded plates, (b–d) show details of the Fusion Zone (FZ) and (e) detail of the plate weld boundary.
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Figure 5a shows graphically the grain size as a function of the position from the weld zone. It can be seen that the mean grain size in the BM is around 67 µm, and this number is approximately the same in the HAZ, which shows a consistency of the microstructure in the thixoformed plate. However, the grain size in the FZ is significantly reduced to around 7 µm, which is considerably smaller than that of either the BM or HAZ. There are several reasons for the reduction of the grain size after welding. First, the presence of the alloying elements that precipitated out at the grain boundaries impedes the severe growth of the grains. In addition, the fast cooling of the joint after the welding process can also prevent grain growth in the FZ [17]. Furthermore, due to the high welding rates of the EB process that are caused by the high melting speeds of the focused heat source, the time that is required for the welding to be accomplished is also reduced so that the grains do not have enough time to grow during the EBW [12]. Figure 5b demonstrates a graph of the shape factor against the distance from the weld area. The shape factor represents the circularity of the grains, which has a maximum of one for a totally spherical grain and zero for a grain with a complex shape. As can be seen from the graph, more spherical grains can be observed in the BM when compared to the HAZ and FZ, since the material was exposed to the high temperatures during the EBW, leading to the deviation from the spherical grains that are present in the BM. Measurements were taken across various positions in the different zones, and there is clearly a deviation between the spheroidicity of the different grains, as expected as the FZ has undergone melting that destroyed the original non-dendritic, near spheroidal microstructure of the base material.


Figure 5. (a) Graph of grain size as a function of position, (b) Graph of shape factor against position.



[image: Metals 07 00569 g005]






Results of the EDX point analysis conducted for the last liquid to solidify phase at the boundaries and grains in the BM, as well as the grains in the FZ are shown in Figure 6 and Table 2. From the graphs, it can be said that the liquid phase at the boundaries mainly consisted of aluminum, magnesium, copper, and zinc, implying the presence of the alloying elements in these regions. In addition, it can be observed that aluminum was by far the highest constituent of the grains in the base metal, whilst the percentage of the other elements was low within the grains, which confirms that the alloying elements precipitated out at the boundaries. Moreover, aluminum is the main element in the FZ, with almost the same content as that of the BM. However, EDX point analysis reveals that the matrix phase in FZ contains less Zn than the BM matrix, whereas the Mg and Cu contents of the FZ are higher than that of the BM. Cam et al. [9] suggested that the heat input during the fusion welding processes may give rise to the evaporation of the solute atoms with low melting points in the fusion zone, hence, the lower amount of zinc in this region can be attributed to the evaporation mechanism due to the high amounts of heat applied during welding. The loss of Mg/Zn/Cu was also reported by other researchers [12,14]. Furthermore, rapid cooling after the EBW process leads to the presence of super saturated amount of Mg and Cu in the FZ. It is worth adding that the EDX data for the liquid phase at the boundaries in the FZ could not be measured due to the low amount of the last liquid to solidify phase that remained at the boundaries after EBW.


Figure 6. Results of Energy Dispersive X-ray Analysis (EDX) point analysis for: (a) grains in BM, (b) eutectic phase at boundaries, (c) grains in FZ.
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Table 2. Weight percent of alloying elements at different points of microstructure. Reported numbers are the average of at least three attempts.







	
Locations

	
Al (wt %)

	
Zn (wt %)

	
Mg (wt %)

	
Cu (wt %)






	
BM-Grain

	
92.2825

	
4.5225

	
2.242

	
0.94075




	
BM-Boundary

	
65.91

	
15.453

	
10.39

	
8.216




	
FZ-Grain

	
91.105

	
4.2145

	
2.65

	
2.018










The amount of the last liquid to solidify phase on quenching was calculated using image J software, and a plot of liquid fraction versus distance from the weld centre is indicated in Figure 7. The graph represents a downward trend from the BM to FZ, which suggests that the fraction of eutectic, which is around 35% in the thixoformed plate, is higher than this amount in both HAZ and FZ, which is 22% and 16%, respectively. The higher percentage of the eutectic phase in the BM can be related to the nature of the semi solid metal processing technique, which typically contains between 30–50% liquid. On the other hand, the lower amount of the eutectic phase in the FZ can be attributed to the complete melting in the FZ during the EBW, followed by the fast cooling of this region. It is worth pointing out that the actual amount of the eutectic phase in the BM is higher than the above mentioned number, as can be seen from the micrographs, since some of the liquid is entrapped within the grains and the software could not measure it during the calculations. We will use the terms eutectic solid and last liquid to solidify interchangeably as the terminology used in the Semi-solid forming usually refers to the eutectic solid as liquid fraction.


Figure 7. Liquid fraction against distance from the centre of the weld for Al 7075 alloy EB welded plate.
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3.3. Post Weld Heat Treatment


Micrographs of EB welded specimens following heat treatment at 610, 617, and 628 °C are presented in Figure 8. According to Figure 8a, the microstructure of the base metal and the heat affected zone at different temperatures consisted of fine equiaxed solid grains that are uniformly distributed throughout the material; which is similar to that of the welded material before the heat treatment. The differences between the grain size of the FZ and HAZ can be observed from Figure 8b. Micrographs of the fusion zone for heat-treated samples, at the three temperatures, are displayed in Figure 8c, as compared to the microstructure of the joint before the post weld process. The grain structure in the FZ has coarsened after heat treatment at three temperatures. In addition, there is a noticeable change in the morphology in this region, in that grains are more spherical in the FZ when compared to the as-received grain structure. This can be explained due to the post weld heat treatment in the semi-solid temperature range to which the material was subjected.


Figure 8. Optical microscopy micrographs of Al 7075 alloy EB welded plates after heat treatment at three temperatures: 610, 617 and 628 °C. (a) as received plate material, (b) HAZ and plate boundary and (c) FZ weld area. (Magnifications top from left to right in µm: 200, 500, 500, 500); (magnifications middle from left to right in µm: 100, 200, 100, 100); (magnifications bottom from left to right in µm: 20, 50, 50, 50).
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A graph representing the grain size of the BM, HAZ, and FZ for the heat-treated materials at 610, 617, and 628 °C is shown in Figure 9a. From the graph, it can be seen that the mean grain size in the BM, HAZ, and FZ follows a similar trend, with a slight reduction in the grain diameter at 617 °C, followed by a rise in the average grain size at 628 °C. It is worth adding that grains started to grow in all three regions of specimens, including BM, HAZ, and FZ when compared to the grain structure before the heat treatment. This is due to the exposure of samples to high temperatures during the heat treatment and holding at these temperatures for three minutes, resulting in the grain coarsening. Moreover, the average grain size in the BM is slightly higher than that of the HAZ, but the mean grain diameter in the FZ is by far lower than those in both HAZ and BM, as shown in the micrographs of Figure 8b. Figure 9b shows the shape factor measurement for the heat-treated specimens. As can be seen, there is a significant change in the shape factor of particles in the FZ when compared to before heat treatment. During the heat treatment, solid grains in the FZ became more spherical as they were heated up to the thixoforming temperature range and held for three minutes at these temperatures. The shape factor of grains in the HAZ at the three temperatures is almost the same. In addition, the circularity of the particles in the BM has experienced an upward trend with temperature increase.


Figure 9. (a) Graph of grain size against temperature, (b) Plot of shape factor as a function of the three temperatures used, 610, 617, and 628 °C for Al 7075 alloy EB welded plates after heat treatment.
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3.4. Vickers Hardness Test


Results of the Vickers hardness test performed on the EB welded plates of the thixoformed 7075 aluminium alloy are summarised in Figure 10. As can be observed, the graph shows a relatively symmetric shape, and the hardness number in the BM of two plates is roughly the same, since these regions belong to the parent material with similar properties and fabrication method, either side of the weld. In addition, a rise in hardness can be observed from both plates toward the FZ. As already mentioned, evaporation of zinc was observed after welding in the FZ, however, this amount was not considerable (0.307 wt % Zn depletion based on numerical values in Table 2) and can be eliminated, so it did not cause hardness reduction in this region. Moreover, based on the results of the EDX point analysis presented before, the weight percent of Mg and Cu increased in the FZ as compared to the BM as a result of rapid cooling that occurred after the welding process. Therefore, unlike the results provided by several researchers about some alloys of aluminium, including 5005 and 2024 series showing a hardness reduction in the fusion zone due to the loss of strengthening elements, such as Cu and Mg in this area [14,18], herein the hardness increment can be attributed to the surplus amount of these strengthening elements in the FZ, supported by researchers that have reported the hardness increase that is obtained in the FZ by using appropriate filler wire during the welding process to compensate for the evaporation of elements [9].


Figure 10. Graph of hardness versus position from the weld centre for Al 7075 alloy EB welded plates.
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Figure 11 illustrates Vickers hardness over distance from the weld centre after heat treatment at 610, 617 and 628 °C. The overall behaviour of the three graphs is similar, demonstrating a peak in the FZ, and as the distance from the weld centre increases, a drop in the hardness can be observed, implying property improvement in the FZ. In comparison with the graph of the EB welded plate before heat treatment in the FZ, a rise in hardness can be seen after heat treatment at the three temperatures, with hardness increasing from 144 HV before to 156, 184, and 203 HV after heat treatment at 628, 610, and 617 °C, respectively, showing a maximum at 617 °C. After heat treatment, grain growth has occurred in the FZ of the material, and, hence, a drop in hardness was expected due to grain coarsening. However, the hardness increase can be attributed to the refined grain size, as well as chemical changes in the FZ after heat treatment as different diffusion coefficients of the critical elements in the semi-solid state locally can explain the movement of atoms from the Al-lattice at these high temperatures. In addition, the hardness number at the edges of both heat-treated plates is approximately 125 HV, which is roughly the same as that in the parent material before heat treatment. It can be concluded that although heat treatment improved the hardness in the FZ, it did not change the properties of the base metal.


Figure 11. Graph of hardness versus position from the weld centre for Al 7075 alloy EB welded plates after heat treatment at three temperatures: 610, 617 and 628 °C.
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Work done by various researchers on Laser hardening, [19] has shown that the most relevant parameter in the hardened layer depth is the scanning speed, followed by the hardened track width. Another group of researchers have given a good account of modelling such processes by modelling the Added Layers by Coaxial Laser Cladding [20].





4. Conclusions


Electron beam welding was employed on thixoformed plates of 7075 aluminium alloy, along with a post welding heat treatment in semi-solid temperature range in order to evaluate the resultant microstructures and mechanical properties in the weld area. The following conclusions were inferred from the work:

	1.

	
A fine microstructure with extremely smaller grain size than that in the parent material and HAZ was obtained in FZ of the electron beam welded plates, due to complete melting, followed by rapid cooling of the weld area.




	2.

	
Post weld heat treatment in the semi-solid range, 610, 617, and 628 °C, resulted in the growth of recrystallized grains in the fusion zone of the EB welded plates, with grains becoming more spherical in the FZ.




	3.

	
The results of EDX point analysis revealed that the weight percent of Mg and Cu increased in the FZ after electron beam welding leading to a rise in hardness in this area when compared to the BM and HAZ.




	4.

	
A further increase of hardness was obtained in FZ after post weld heat treatment in the semi-solid temperature range.
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