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Abstract

:

The influence of artificial aging time on the microstructures and mechanical properties of the 6063 aluminum alloy profile extruded by porthole die was investigated through hardness testing, expansion testing, scanning electron microscope (SEM), and transmission electron microscope (TEM). The results showed that the artificial aging time had a significant impact on the size, morphology, distribution of precipitated phases, and mechanical properties of the porthole die extruded 6063 aluminum alloy profiles. As the artificial aging time increased, the second phase particles gradually precipitated, and the precipitation strengthening gradually enhanced, resulting in an increase in the hardness of the profile. The hardness of the welding zone was lower than that of the matrix zone. Compared with the precipitation in the matrix zone, the size and distribution of the precipitates were uneven, and the time for the precipitation was long in the welding zone due to the influence of grain size. The width of the precipitate free zone (PFZ) in the welding zone was greater than that in the matrix zone. The expansion ratio decreased with the increase of aging time, which indicated that the artificial aging treatment was adverse to the plastic deformation ability of the profiles.
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1. Introduction


The 6xxx series aluminum alloy has been widely used due to its medium strength, high corrosion resistance, and good formability. It is the alloy system with the highest usage among aluminum alloys [1]. The 6xxx series aluminum alloys are often processed into hollow aluminum alloy profiles, which, as typical lightweight components, are widely used in the fields of rail transits, vehicles, ships, building structures, and aerospace. The pothole die extrusion is the key technology to manufacture hollow aluminum alloy profiles. In this process, welding seams are generated [2,3,4]. Therefore, the control of the microstructure and mechanical properties of the welding zone has become one of the key scientific issues in manufacturing hollow aluminum alloy profiles with high-performance, large-sized, and complex cross-sections.



The mechanical properties of aluminum alloys can be improved in various ways. Zykova et al. [5] achieved an enhancement of the mechanical properties by adding 0.1 mass % of W in Al-Si alloys. Ding et al. [6] conducted heat treatment on Al-20Si powder before extrusion. The eutectic silicon was eliminated and the formability and thermal properties of the Al-20Si alloy were improved. Aluminum alloy is a heat-treatable strengthening alloy, which can achieve good comprehensive mechanical properties through heat treatment [7]. At present, a lot of research about the heat treatment process of 6xxx series aluminum alloys and their impact on the microstructure and mechanical properties has been carried out. Lei et al. [8] analyzed the lattice characterization of precipitates and the grain boundaries of 6013 aluminum in continuous aging. Rymer et al. [9] investigated the influence of artificial aging time on the precipitation characteristics and crack propagation behaviors of 6060 aluminum alloy. Li et al. [10] showed that artificial aging temperatures significantly influenced the precipitation characteristics and corrosion behaviors of the extruded 6082 aluminum alloy. Liu et al. [11] reported that when the new type of 6005A aluminum alloys were subjected to the underage state, their resistance against fatigue crack growths showed the optimum. Engler [12] analyzed the flow stress, work hardening, and plastic anisotropy of 6016 aluminum alloy under various aging treatments. Chae et al. [13] adopted asymmetric rolling and pre/post-aging treatment to improve the mechanical properties and textures of 6061 aluminum alloy. Yang et al. [14] found that aging time had a significant impact on the anti-corrosion resistance of the 6061-T6 aluminum alloy due to the content of the β″ phase. Winter et al. [15] reported that pre-aging enhanced the effect of artificial aging on the hardness and strength of the 6056 aluminum alloy.



In conclusion, aging treatment has a significant impact on the microstructures and mechanical properties of 6xxx series aluminum alloy. However, the research on the effect of aging treatment on the microstructures and mechanical properties of aluminum alloy profiles extruded by porthole die was little and incomplete, especially in the welding zone. LOUKUS et al. [16] studied the microstructures and mechanical properties of AA6082-T4 aluminum alloy during heat treatments and found that Mg2Si precipitates precipitated along a certain orientation at the transverse weld. Chen et al. [4] studied the evolution of the second phase distribution, grain morphology, size, and texture at the longitudinal weld of an Al-Zn-Mg alloy with different solution times. Xu et al. [3,17,18] found that abnormal grain growth in the weld seam of Al-Li aluminum alloy led to precipitated phases coarsening, precipitating, PFZ widening, and a sharp decrease of elongation during aging.



However, the effect of aging treatment on the 6063 aluminum alloy profile extruded by porthole die extrusion has not been reported yet. As mentioned above, longitudinal welds are inevitably formed during the extrusion process of the porthole die. In addition, compared to other zones, the materials in the welding zones experienced large strains and high pressures. Therefore, compared to other zones, the welded zones usually exhibit a different structure. Aging treatment could improve the microstructure of profiles, especially in the welding zone. Up to now, the evolution of internal microstructure in the welding zone during aging treatment is still unclear.



In this study, porthole die extruded 6063 aluminum alloy hollow profiles were carried out with different extrusion speeds. These profiles containing longitudinal weld seams were subjected to aging treatments at 180 °C at different times. Moreover, the mechanical properties, microstructures, and fracture behaviors of the profiles were characterized and analyzed through hardness testing, expansion testing, SEM, and TEM.




2. Materials and Methods


A 6063 aluminum alloy billet (height 280 mm, diameter 90 mm) was used in this study. The chemical composition of 6063 aluminum alloy billet is shown in Table 1. Firstly, the billets were subjected to homogenization at the temperature of 540 °C for 24 h in a box-type resistance furnace and then cooled to room temperature in the air. Secondly, the homogenized billet was extruded on an 800 t metal profile extruder (Wu Xi Yuanchang Machinery Co., Ltd., Wuxi, China), and the extruded profiles were cooled through online water quenching to achieve a solid solution. In this work, four representative porthole die extrusion experiments were selected, as shown in Table 2. Three extrusion tests were repeated with the same parameters. The inside cross-sectional dimension of the profile was 35 × 35 mm, and the wall thickness was 2.5 mm, as shown in Figure 1. Finally, 6063 aluminum alloy extrusion profiles were immediately subjected to artificial aging treatments with the time of 0.5 h, 1 h, 2 h, 4 h, 6 h, and 8 h at the temperature of 180 °C, respectively, and cooled to room temperature in the air.



The hardness of the profiles under different heat treatment conditions was conducted on an HVS-1000 digital microhardness tester (Cany Precision Instruments Co., Ltd., Shanghai, China) with a load of 0.5 kg and a holding time of 15 s. Seven spots from each position were tested for hardness, as shown in Figure 1. The maximum and minimum values were removed and the average of the remaining five hardness values was the final result. The samples for TEM observations were ground to a thickness of 80 μm and then prepared using an ion milling machine with a Struers Tenupol-5 (Struers, Aarhus, Denmark). The TEM observations were performed using a Tecnai G2 F20 S-TWIN (Frequency Electronics, Inc., New York, NY, USA) microscope operating with an acceleration voltage of 200 kV.



The quality of the longitudinal welding seam of the hollow profile can be estimated through an expanding test using a conical punch, as shown in Figure 2. The strength of the welding seam is quantified by the expansion ratio [19,20,21]. The expanding ratio is defined as α = dm/d0, where dm is the equivalent diameter of the inner area of the extruded square tube before fracture and d0 is the equivalent diameter of the inner area of the extruded square tube. The expanding test was conducted on the INSTRON3369 electronic universal material testing machine (INSTRON CORPORATION, Norwood, MA, USA). The pressing speed was set as 2 mm/min. The fracture morphologies of expanding samples were observed by SEM with an FEI QUANTA 200 (Frequency Electronics, Inc., New York, NY, USA).




3. Results and Discussion


3.1. Microstructure and Hardness


Figure 3 gives the optical microstructure of the cross-sections of PE3, PE7, PE9, and PE11. For the profile of PE3 and PE7, there was a welding zone in the central zones, as shown in Figure 3a,b. For the profile of PE9, there was only a welding seam in the central zone, as shown in Figure 3c. The welding zone gradually narrowed down and finally disappeared, as shown in Figure 3d. There was no obvious feature in the central zone of PE11. Optical observations indicated that the weld seams had the most obvious characteristics in the central zones on the cross-section of the porthole die extrusion profiles in this study. The average grain sizes of extrudate profiles were measured using the ASTM-E1382 linear intercept length method in two evenly spaced directions (0° and 90°). Table 3 displays the average grain sizes of extrudate profiles. At the ram speed of 3 mm/s, 7 mm/s, 9 mm/s, and 11 mm/s, the grain size in the welding zone was 86 μm, 49 μm, 52 μm, and 54 μm, respectively. While, in the matrix zone, the grain size was 49 μm, 34 μm, 37 μm, and 39 μm, respectively.



Figure 4 shows the effect of aging time on the hardness of the 6063 aluminum alloy profile. As the aging time and ram speed increased, the hardness first increased and then remained stable. The peak aging time in the matrix zone was shorter than that in the welding zone. This was because the grain size of the extruded profile in the matrix zone is generally lower than that in the welding zone in this study [22], leading to an enhanced yield strength [23,24] and precipitation strengthening [25,26,27]. Figure 4a presents the changes in the hardness of the profile extruded at the ram speed of PE3 with respect to the aging time. There was always a difference in hardness between the matrix zone and the welding zone of PE3 and PE7, and the hardness of PE3 was significantly lower than those of PE7, PE9, and PE11, as shown in Figure 4b–d. That was due to the low solid solubility caused by the low ram speed, especially in the welding zone. Moreover, as the ram speed and aging time increased, the difference in hardness between the welding zone and the matrix zone gradually decreased and finally became equal.




3.2. Microstructure


Figure 5 shows the TEM observation images of PE3 without artificial aging treatment. Figure 5a shows that no obvious precipitates in the TEM image in the matrix zone. From the electron diffraction image, it can be seen that there were only diffraction spots of aluminum, which indicated that there were no precipitates in the matrix zone of the extruded profile without artificial aging treatment. There were some dislocations in the welding zone, and no obvious precipitates were observed in Figure 5b. The above experimental phenomenon indicated that the profile of PE3 was in a supersaturated state. The same phenomenon was also observed in the profiles of PE7, PE9, and PE11.



Figure 6 shows the TEM morphology of PE3 when the artificial aging time was 1 h. Figure 6a shows the distribution of precipitates in the matrix zone. A lot of dispersed and fine precipitates were observed. Figure 6b gives the bright field TEM image in the welding zone. There were no obvious precipitates. High-resolution observations were performed in the matrix zone of PE3, as shown in Figure 6c,d. The size and distribution of precipitates were uniform, needle-like precipitates with a length of approximately 12–17 nm and a thickness of approximately 3 nm were observed. According to references [25,26,28], the β″ phase was formed by the GP zone growing along the direction of the matrix [100], with a length of 12–200 nm and a needle-like shape. Therefore, it can be determined that the precipitate was β″ phase in the profile. Compared to the precipitates in the matrix zone, the number of precipitates in the welding zone was small, the size was varied, and the distribution was uneven, which led to the low hardness in the welding zone, as shown in Figure 4.



Figure 7 shows the bright field image of precipitates after 8 h of PE3. A large number of needle-like precipitates were observed. Compared with aging for 2 h, there was no significant increase in the number of precipitates, but there was a significant growth of precipitates in the matrix zone, as shown in Figure 7a. The number of needle-like precipitates in the welding zone significantly increases, and there is growth in the length direction of the precipitates, as shown in Figure 7b. The distribution of precipitates in the welding zone is more uneven than that in the matrix zone.



Figure 8 shows the TEM image in the PE9 when the aging time was 1 h. A large number of dispersed and fine precipitates were observed in the matrix zone, with a length of approximately 23 nm, as shown in Figure 8a. There was no obvious precipitation phase in the welding zone, as shown in Figure 8b, which indicated that the internal structure of the profile had a certain impact on the aging precipitation behavior, resulting in different mechanical properties, as shown in Figure 4. Figure 9 shows the TEM image in the PE9 when the aging time was 8 h. A large number of needle-like precipitates were observed. The distribution of these needle-like precipitates was uniform. The length of the precipitates was about 40–50 nm. There was no significant difference between the precipitates in the matrix zone and the welding zone, which was consistent with the hardness results in Figure 4. Compared to the precipitation of PE9 aging for 1 h, the number of needle-like precipitates was much more, and the size and distribution were more uniform with aging for 8 h.



A saturated solid solution would be formed in the profile during the online quenching process, as shown in Figure 5. The solid solution atoms of Mg and Si were in a metastable state and would precipitate in a certain sequence in the artificial aging process [28,29,30]. Firstly, Si and Mg atoms were clustered, respectively, and then Mg atoms, or the decomposed Mg atoms, moved towards the Si atom clusters to form Mg/Si atom clusters, which was known as the G.P. zone. The G.P. zone formed in the early stage of artificial aging maintained a coherent relationship with the parent phase, which had an internal strain-strengthening effect and increased the hardness of the profile, as shown in Figure 4. The G.P. zone was in a thermodynamic metastable state. As the G.P. zone grew and transformed into the β″ phase, the G.P. zone gradually disappeared. At this time, the G.P. zone and β″ phase coexisted, as shown in Figure 10. In the early stage, the size of the β″ phase was relatively small and dislocation could cut through it. When dislocations forcibly passed through the β″ phase, they needed to overcome the stress field. The surface energy was increased when the β″ phase was cut into two parts, resulting in a further increase in strength. The β″ phase gradually grew with the increase of aging time, as shown in Figure 9, and its hindrance to the movement of dislocation increased, resulting in an increase in the mechanical properties of profiles.



According to references [25,26,27], the precipitation rate and precipitation zone were greatly affected by the internal structure of the alloy. The research results of Chrominski et al. [25,26] and Quispe et al. [27] indicated that fine grains were beneficial for shortening the peak aging time. The incubation period and growth time required for precipitates was long in the large grain size. The grain size of the extruded profile in the matrix zone is generally lower than that in the welding zone in this study [22,31]. Therefore, during the artificial aging process, the incubation period required for the precipitates was shorter and the precipitation was more complete in the matrix zone, as shown in Figure 6, Figure 7 and Figure 8.



Figure 11 shows the TEM images of PFZ in the PE3 when the aging time was 2 h. There were a large number of precipitates in the grains, and PFZs were observed along the grain boundaries, as shown by the red dashed lines. The size and distribution of precipitates in the matrix zone were more uniform than those in the welding zone. The width of PFZ with aging time is shown in Table 4. It can be seen that: (1) The width of PFZ firstly increased and then decreased with the increase of aging time. This was because as the aging time increased, the precipitates in the profile gradually grew, and the precipitates near the grain boundaries extended towards the grain boundaries, resulting in a short width of the PFZ. (2) As the extrusion speed increased, the width of PFZ gradually decreased. This was due to the high extrusion speed leading to the short time for the profile from the mold outlet to the water during extrusion. There was no time for vacancy migration, resulting in a decrease in vacancy concentration along the grain boundary and the narrow width of PFZ. (3) The width of PFZ in the welding zone was greater than that in the matrix zone, which was due to the low temperature in the welding zone of the extruded profile.



Plastic deformation was easily concentrated within the PFZ due to its low yield strength, leading to intergranular fracture. Therefore, most researchers believed that PFZ was harmful. STARINK et al. [32] found that the formation of PFZ caused a sharp decrease in the alloy strength of 100 MPa, but it did not affect the peak aging time. Krol et al. [33] found that when the width of PFZ reached 440 nm, the yield strengthening of the alloy decreased by 22%. MUNITZ et al. [34,35] discussed the relationship between PFZ and fracture morphology and found that the narrower the PFZ, the higher the mechanical properties of the alloy. The PFZ would affect the morphology of the dimple.




3.3. Mechanical Properties


3.3.1. Expansion Test


The fracture surface of the profile after the expansion test is shown in Figure 12. All cracks initiated at the corners of the square tube and propagated during expansion. The crack propagation distances along the weld seam under different aging times are shown in Figure 13. It can be seen that as the aging time increased, the propagation distance of cracks along the weld seam gradually increased. It can be seen that the propagation distance of the crack along the weld seam after 4 h of aging was very close to the theoretical length of the weld seam of 3.54 mm, as shown in Figure 1, indicating that cracks completely propagated along the welding seam during the expansion process. Moreover, the propagation distance of the crack along the weld seam slowly increased with the increase of ram speed and then decreased before aging for 4 h. That may be due to the dual effects of recrystallization and welding strength in the welding zone.



Further observation of Figure 12 shows that the fracture surface of the profile underwent significant plastic deformation. This fracture was not a dangerous brittle fracture, and the profile had a certain damage tolerance, indicating that the 6063 aluminum alloys had been fully welded during the extrusion process. From the expansion pressure-displacement curve (Figure 14), it can be seen that as the aging time increased, the ability of the profile to withstand lateral forces gradually decreased. The expansion ratios of PE3, PE7, PE9, and PE11 decreased from 1.25, 1.15, 1.17, and 1.20 to 1.06, 1.05, 1.04, and 1.06, respectively, as shown in Figure 15. The maximum reduction was 15.4%. The decreasing trend with increasing aging time indicated that aging heat treatment weakened the plastic deformation ability of the profile.



According to references [36,37,38], as time increased, the precipitates gradually precipitated and grew, and the yield strength and tensile strength of aluminum alloys gradually increased. However, the uniform elongation, the total elongation, and the strain hardening factor of the aluminum alloy gradually decreased, which was not conducive to expansion testing. Moreover, based on the diffusion mechanisms, there was much time for the movement of the atoms at a low ram speed, resulting in a high welding strength and expansion ratio, as shown in the profile of PE3. Furthermore, according to the study of He et al. [39], homogeneous microstructure was beneficial for improving ductility. During the 6063 aluminum porthole die extrusions, the occurrence of DRX caused a refinement in grain size and uniform microstructure of PE11, and weakened the presence of the welding zone, as shown in Figure 1. Therefore, the expansion ratio increased the increase of ram speed from 7 mm/s to 11 mm/s.




3.3.2. Fractography


The full view of the fracture morphology of PE3 with aging for 4 h after the expansion test is shown in Figure 16. A similar typical cup-and-cone fracture was observed. The fracture surface was flat and had no large tearing planes. Figure 16b,c gives the fracture micro-morphologies of the (b) and (c) zones in Figure 16a, respectively, where a large number of large and deep equiaxed dimples could be observed, exhibiting a fracture characteristic of a typical dimple fracture. Constituent particles were observed at the bottom of the dimples. Some dimples did not contain any particles, but this did not exclude their existence as they might have fallen off or still exist in opposite fracture surfaces. The particles were the nucleation sites of voids due to breakages of particles and/or debonding between particles and the matrix [40]. A large number of particles indicated that the initiation, growth, and aggregation of the void were the main physical mechanisms of fracture in the PE3 with aging for 4 h. The full view of the fracture morphology of PE3 with aging for 8 h after the expansion test is shown in Figure 17. The fracture surface was flatter than that with aging for 4 h. Figure 17b gave the fracture micro-morphologies of the (b) zone in Figure 17a, where the dimples, which indicated intergranular mode and good ductility [40,41], were also observed on the fracture surfaces. Compared with the fracture morphology of PE3 with aging for 4 h, the distribution of the dimples aged for 8 h was more uniform, and the size was larger.



The global image of the fracture morphology of PE9 after aging for 4 h is shown in Figure 18a. The fracture surface was not flat and a clear ridge-like morphology in the central region was observed, as shown in Figure 18b. Compared with the fracture morphology of the PE3 aged for 4 h, the fracture morphology of the PE9 sample aged for 4 h was characterized by fewer, smaller, and shallower dimples, which were separated by longitudinal stripes along the extrusion direction, demonstrating the ability to exhibit a poor plastic deformation, which corresponded well with the expansion ratio.



Due to its good welding performance, the difference in mechanical properties between the matrix zone and the welding zone was low. With the progress of artificial aging, due to the differences in grain sizes between the welding zone and the matrix zone, the morphology, size, distribution, and precipitation rate of precipitates between the welding zone and the matrix zone were different. The precipitation rate of the welding zone with larger grain size was slow, and the mechanical property was lower than that of the matrix zone, as shown in Figure 4, Figure 17 and Figure 18. The large grain size in the welding zone would be negative for the ductility of the profile [42]. During the artificial aging process, the precipitation of Mg/Si atomic clusters and β″ phases in 6000 series aluminum alloys was beneficial for improving the mechanical strength of the material [43,44], as shown in Figure 4. At the same time, it also reduced the ductility of the profile, resulting in a low expansion ratio, as shown in Figure 15. During the expansion, crack propagation exhibited different modes and fracture morphology. Moreover, as the artificial aging time increased, the precipitates gradually grew, and the PFZ was formed at the grain boundary. The yield strength of PFZ was relatively low. During the expansion process, strain was easily concentrated within the precipitated zone under stress, causing the initiation of cracks. Furthermore, as the formation of PFZ happened, coarse and dispersed precipitates were formed at grain boundaries, as shown in Figure 19. The coarse and dispersed precipitates cannot hinder the movement of dislocations, but they reduce the saturation within the grain, resulting in a decrease in the strength and elongation of the profile.






4. Conclusions


In this study, the artificial aging treatment on the porthole die extruded 6063 aluminum alloy profile was conducted at 180 °C at different times. The hardness and expansion testing, TEM observation, and SEM fracture morphology analysis were performed. The microstructures and mechanical properties of the matrix and welding zone under different artificial aging times were studied. Based on the presented results, the following conclusions can be drawn:




	(1)

	
With the increase of artificial aging time, the hardness of the 6063 aluminum alloy profile gradually increased due to the precipitation and growth of the β″ phase.




	(2)

	
Due to the difference in grain size, the size and distribution of the precipitates were more uneven, and the time for the precipitation was longer in the welding zones than those in the matrix zones. Therefore, the hardness of the welding zone was lower than that of the matrix zone of the 6063 aluminum alloy profile.




	(3)

	
As the artificial aging time increased, the expansion ratio of the profile sharply decreased. The maximum reduction was 15.4%. The decreasing trend with increasing aging time indicated that aging heat treatment weakened the plastic deformation ability of the profile.




	(4)

	
The results obtained in this study could provide significant theoretical support and basic data for further study in the field of porthole die extrusion.
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Figure 1. (a) Cross-section view of profile and (b) close-up view of zone I for microstructure observation and hardness tests. 
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Figure 2. Expanding test for extruded tubes. 
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Figure 3. Microstructure and welding zones of (a) PE3, (b) PE7, (c) PE9, and (d) PE11. 
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Figure 4. Influence of aging time on the hardness of (a) PE3, (b) PE7, (c) PE9, and (d) PE11. 
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Figure 5. TEM morphology in (a) the matrix zone and (b) welding zone of PE3 without artificial aging treatment. 
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Figure 6. TEM morphology in (a) the matrix zone, (b) welding zone, and (c,d) high-resolution image at two magnifications in the matrix zone of PE3 with aging for 1 h. 
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Figure 7. TEM morphology in (a) the matrix zone and (b) welding zone of PE3 with aging for 8 h. 
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Figure 8. TEM morphology in (a) the matrix zone and (b) welding zone of PE9 with aging for 1 h. 






Figure 8. TEM morphology in (a) the matrix zone and (b) welding zone of PE9 with aging for 1 h.
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Figure 9. TEM morphology in (a) the matrix zone and (b) welding zone of PE9 with aging for 8 h. 
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Figure 10. TEM morphology in (a) the matrix zone and (b) welding zone of PE7 with aging for 1 h. 
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Figure 11. TEM morphology of PFZ in (a) the matrix zone and (b) welding zone of PE3 with aging for 2 h. 
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Figure 12. Macro-morphology of fracture after expanding test of PE11 with an aging time of (a) 2 h and (b) 8 h. 
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Figure 13. Crack propagation distance along the weld seam with artificial aging treatment. 
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Figure 14. Pressure-displacement curves during expansion tests of (a) PE3, (b) PE7, (c) PE9, and (d) PE11. 
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Figure 15. Expansion ratio-aging time curves of 6063 aluminum alloy profile. 
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Figure 16. Fracture morphology of PE3 after expansion test with aging for 4 h: (a) full view of the fracture morphology, (b) close-up view of (b) zone in Figure 16a, (c) close-up view of (c) zone in Figure 16a and (d) close-up view of (d) zone in Figure 16c. 
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Figure 17. Fracture morphology of PE3 after expansion test with aging for 8 h: (a) full view of the fracture morphology, (b) close-up view of (b) zone in Figure 17a. 
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Figure 18. Fracture morphology of PE9 after expansion test with aging for 4 h: (a) full view of the fracture morphology, (b) close-up view of (b) zone in Figure 18a, (c) close-up view of (c) zone in Figure 18a and (d) close-up view of (d) zone in Figure 18b. 
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Figure 19. Coarse and dispersed precipitates at the grain boundary in (a) the matrix zone and (b) welding zone of PE7 with aging for 2 h. 
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Table 1. Chemical composition of 6063 aluminum alloy (wt, %).
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	Mg
	Si
	Fe
	Cu
	Mn
	Cr
	Zn
	Ti
	Al





	0.85
	0.47
	0.20
	0.21
	0.01
	0.13
	0.25
	0.15
	Bal










 





Table 2. Extrusion parameters in this work.
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	Process Parameters
	PE3
	PE7
	PE9
	PE11





	Extrusion ratio
	16.9
	16.9
	16.9
	16.9



	Ram speed (mm/s)
	3
	7
	9
	11



	Billet temperature (°C)
	480
	480
	480
	480



	Die temperature (°C)
	450
	450
	450
	450



	Container temperature (°C)
	480
	480
	480
	480










 





Table 3. Average grain sizes of extrudate profiles. (Unite: μm).
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Zone

	
Ram Speed (mm/s)




	
3

	
7

	
9

	
11






	
Welding zone

	
86

	
49

	
52

	
54




	
Matrix zone

	
49

	
34

	
37

	
39











 





Table 4. The width of PFZ with different aging times (M and W represented the matrix zone and welding zone, respectively).
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Aging Time (h)

	
Width of PFZ (nm)




	
3 mm/s

	
7 mm/s

	
9 mm/s

	
11 mm/s




	
W

	
M

	
W

	
M

	
W

	
M

	
W

	
M






	
1

	
261

	
187

	
201

	
127

	
159

	
143

	
132

	
78




	
2

	
421

	
210

	
289

	
145

	
267

	
123

	
143

	
110




	
4

	
422

	
234

	
301

	
189

	
257

	
172

	
178

	
165




	
8

	
316

	
295

	
302

	
268

	
230

	
190

	
175

	
156
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