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Abstract

:

Three different aging treatments including single-aging, delayed-aging, and pre-aging were carried out on 6082 extruded profiles after solution heat treatment, then their hardness, tensile strength, and microstructure were tested. The experimental results reveal that the properties and microstructure changes during single-aging. Based on this, the negative effects of room temperature delay and the results of short-term pre-aging treatments used in the experiment to improve this phenomenon have been concluded.
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1. Introduction


The demand of Al-Mg-Si alloys in rail transit is increasing because of their high strength-to-weight ratio, excellent formability, and good mechanical properties. The 6082 alloy which contents 0.9wt%Mg and 1.0wt%Si is widely used for body panel of high-speed trains and inter-city rail cars [1,2,3,4,5]. According to literature and reports, there have been a number of fabrication techniques and alloying methods to increase the mechanical properties of AA6082 alloys [6,7,8]. Since the aging treatment plays a critical role in controlling the final microstructure and mechanical properties of the alloy, it is very important to optimize the aging condition to obtain a relatively optimal organizational structure and enhance the mechanical properties. It is still widely studied that the precipitation of metastable nanoparticles from the matrix strengthens the alloy during artificial aging [9,10,11,12].



During the aging process, the precipitation sequence of Al-Mg-Si alloys can be described as: supersaturated solid solution (SSSS) → early precipitation stages (Guinier–Preston zones (G.P. zone)) → β″ phase → β′ phase → β phase (Mg2Si) [13,14]. In general, the clusters and G.P. zones are aggregates of solute atoms, and they are believed to be spherically-shaped. As a completely coherent phase with the matrix, they serve as nucleation and growth sites for the metastable precipitates—β″ phases during the subsequent aging process [15]. The β″ phases, considered as the main hardening phase, have a needle-like morphology, which is aligned along the <100>Al direction [16], as are the rod-shaped β′ phases. The equilibrium phase in this system is the β precipitates. A significant effort has been claimed from this precipitation sequence [17,18].



It is generally known that immediate aging after solution treatment provides higher mechanical properties [19,20,21]. However, during the delayed aging process, the mechanical properties of the alloy will decrease significantly no matter how long the alloy is held at room temperature (RT) [22]. This phenomenon can be called the delayed or floor aging effect [23]. A pre-aging treatment was studied to improve the delayed effect. The pre-aging treatment is to add a 175 °C/30 min heat preservation process before the delayed aging. This thermal process can ensure that the hardness and strength of alloy will not decrease drastically during the subsequent 20 h of RT retention [24,25].



The main goal of this paper was to study the effects of structure on properties of 6082 aluminum alloy under different heat treatment conditions by combining mechanical properties tests and various microstructural analysis methods. Besides, the characteristics of the precipitated phase evolution in the presence of the delayed effect and the positive effect of a short-term pre-aging on the subsequent natural aging were explored in this paper.




2. Experimental Procedure


The composition of the experimental 6082 alloy is shown in Table 1. The as-received extruded alloy with 5 mm thickness was cut into 15 mm × 15 mm × 5 mm bulk samples. The specimens were subjected to solution heat treatment at 545 °C for 50 min and then quenched in water at room temperature. The main aim of the solution treatment is to dissolve the Mg2Si phase. The following aging treatment systems were shown in Table 2. The terms natural aging (NA), artificial aging (AA) and pre-aging (PA) represent natural aging at room temperate, artificial aging at 175 °C, and pre-aging at 175 °C for 30 min, respectively.



A 401 MVD digital microhardness tester was used to measure the Vickers hardness at 500 g load for 15 s. For each sample, the average value of six indentations was taken as the final hardness. The typical conditions were selected for the following detection based on the hardness curve. The parameters of the tensile specimens are as follows: a = 5 mm, b = 12.5 mm, L0 = 45 mm, LC = 58 mm, r = 20 mm (the parameters a, b, L0, and LC are the thickness, the width of the parallel length, the original gage, and the length of the parallel of rectangular cross section specimens). They were vertically pulled at a speed of 2 mm/min, and the corresponding fracture morphology was observed with a secondary electron scan (SEM, EVO MA10, ZEISS, Jena, Germany). The grain structure was obtained by electron backscattered diffraction (EBSD, EVO MA10, ZEISS, Jena, Germany).



The specimens for transmission electron microscope (TEM, FEI-F20, FEI, Hillsboro, OR, USA) observation were prepared by electro-polishing with a mixed electrolytic solution of nitric acid and methyl alcohol (3:7), and used at −25 °C to −15 °C. TEM observation were observed along [001]Al zone axis.




3. Results and Discussion


3.1. Simple Artificial Aging Treatment System


3.1.1. Mechanical Properties


Figure 1 shows the hardness curve of AA specimens. The hardness was only 83.07 (± 3) HV after solution heat treatment. The maximum hardness of 132.32 HV appeared at 8 h. With prolonging the aging time, the hardness gradually decreased to 116.87 HV at 18 h and finally tended to a relatively stable platform. As the aging time increased to 96 h, the hardness further decreased to 102.23 HV. Therefore, it can be inferred from the hardness curve that the optimized single-stage aging system for the studied alloy is 175 °C/8 h.



Tensile strength experiments were taken for the typical specimens, and the results are shown in Figure 2. The elongation of specimens gradually decreased as the time extends. The elongation of the specimen at 175 °C for 8 h was 15.44% (±0.3%), which means the specimen has a proper toughness. From Figure 2, it can be concluded that the ultimate tensile strength (UTS) and the yield strength (YS) of the specimens at 8 h (397.4 MPa and 376.67 MPa, respectively) are the highest values. Obviously, the result of the strength curve is consistent with the hardness test result. That is, for the 6082 alloy, the peak-aging system is 175 °C/8 h.




3.1.2. Microstructure and Analysis


The typical SEM micrographs of fracture morphology of AA specimens after tension are shown in Figure 3. It can be observed that there are a large number of dimples on the fracture, which indicates the tensile fracture of the 6082 alloy is a ductile fracture. As seen from Figure 3a, the dimples are smaller and shallower than that in Figure 3b. In Figure 3c, the size and morphology of the dimples changed obviously, and oval dimples appear. A large number of small and shallow dimples appear in Figure 3d. It can be indicated that the ductility of the studied alloy decreases with the increase of the aging time at 175 °C, which is in correspondence with the elongation curve in Figure 2.



As shown in Figure 4a that there are two different phases distribute in the Al matrix after peak-aging. The corresponding energy dispersive spectrometer (EDS) analyses are in Figure 4c,d. The white irregular block phase A and the black granular particles B are identified as Al (Fe, Mn) Si and Mg2Si, respectively. Figure 4b shows the isometric crystal structure of peak-aging samples by EBSD analysis. The average grain size is approximately 11 μm. Most of them have an orientation following the direction of [101] while a few are following in [001] direction. Subsequent TEM observations and analyses of the precipitated phases were based on those [001] oriented grains. The Mg2Si phases are uniformly distributed in the alloy.



In Figure 5, it can be found that the aging time has little effect on morphology and distribution of Al (Fe, Mn) Si particles since they were distributed in the alloy in various morphologies. The amount of Mg2Si particle in 8 h-aging and 14 h-aging specimens are slightly higher than others (shown in Figure 5b,c). In the subsequent over-aging, those particles were dissolved into the matrix, resulting in a decrease in strength and hardness. When the aging time reaches to 72 h or more, there was a large number of molten holes on the substrate due to the over-burning. Therefore, the hardness in Figure 1 is drastically lowered again.



TEM bright field images and [001] selected area diffraction patterns (SADPs) obtained from materials after single-stage aging treatment are shown in Figure 6. In Figure 6a, when the alloy is heat-treated at 175 °C for 4 h, the G.P. zone in the alloy was still presented in the alloy. But in the region marked by the red circle in Figure 6a, a small number of needle-shaped β″ phase begin to appear. These primary β″ phases, with an average length of about 14.61 nm, were evenly distributed in the Al matrix along three <100>Al directions. And they showed clear coherency strain-filed in the [100]Al and [010]Al directions. Meanwhile, in the corresponding [001]Al SADP, there are weak “cross-needle” diffraction fringes appearing in the marked black circles, and these “cruciform” diffraction fringes have been identified from 12 variants of β″ precipitates in Yang’s researches [16].



In the bright field phase of Figure 6b, the β” precipitates are evenly distributed on the Al matrix. The number of β” precipitates increases, and they are larger than that in Figure 6a, which reaches 20.97 nm. The arrow A represents a “remote” β” precipitates, and the arrow B represents an “inserted” β” precipitate. Studies have shown that these two kinds of particles are the same precipitates with each shape on different crystal faces. In the corresponding [001]Al SADP spectrum, the “cross-shaped” diffraction patterns appear clearly and are arranged around the [110]Al diffraction locations and aligned along the <100>Al directions.



The precipitates on the Al matrix in Figure 6c continue to grow as the aging time increases. The precipitates become coarser and appears rod-shaped in morphology, and the average length reaches to 45.27 nm. At this point, the precipitates are dominated by the β’ phase, which causes the hardness of the alloy to drop to a plateau. The particles in Figure 6d are mainly flaky equilibrium β phases of 205.55 nm, and the zero-contrast line disappears substantially. It brings a sharp drop in the hardness of the alloy.



It was revealed from the experimental results that the aging time has a critical influence on the microstructure evolution and properties of 6082 alloys. The TEM observation proved that the precipitation order of the second phase of the 6082 alloy is SSSS → G.P. zone → β″ → β′ → β. In a dispersion–dispersed alloy, if the second phase particles are not deformed, they hinder dislocation slip. At this point, each dislocation leaves a dislocation loop as it passed through the particles. This ring acts on a source of reverse stress and dislocation, which increases the resistance of dislocation slip and increases the strength of the alloy rapidly. According to the Orowan mechanism, the critical shear stress for the continued movement of the dislocation line is [26]:


Δτ≈Gb/d=αf^(1⁄2)r−1



(1)




where α is a constant and f is the volume fraction of the particles. When the particle radius r or the particle spacing d decreases, the strengthening effect increases. When the particle size is constant, the larger the f, the better the strengthening effect. Dislocations leaves a dislocation loop once around the particle, making the particle spacing smaller and subsequent dislocations bypassing the particle more difficult. Eventually, the flow stress rapidly increased. Therefore, when the alloy is aged at 175 °C/8 h, the strengthening effect is optimal.





3.2. Delayed Aging and Pre-Aging


3.2.1. Mechanical Properties


Figure 7 shows the Vickers hardness curve of N + A specimens and P + N + A specimens. Those two curves showed different variation trends with the increase of delay time. The hardness of N + A specimens held in RT for 12 h has the minimum value of 102.4 HV, while the hardness of P + N + A specimens has the maximum value of 128.86 HV.



Figure 8 shows the tensile test results of typical delayed aging and pre-aging samples. From Figure 8a,b, with these two heat treatment conditions, the exposure duration at RT has a little effect on their UTS and YS. However, both of UTS and the YS of P + N + A specimens are higher than that of N + A specimens. The maximum value of UTS of P + N + A specimens is 409 MPa and that of N + A specimens is 346.67 MPa, and the maximum value of YS is 377 MPa and 331.67 MPa respectively. From Figure 9c, it can be found that the elongation of N + A specimens only fluctuates in a small range with a difference of no more than 1.57% (±0.3%). But the elongation of P + N + A specimens shows different variation tendency: The longer the exposure duration at RT is, the lower the elongation is. Regardless of UTS, YS or elongation, the test values of P + N + A specimens are substantially higher than that of N + A samples, and it is the same for the hardness value. Therefore, the mechanical performance test results indicate that it has a negative effect of delayed aging treatment on the hardness of the studied alloy. However, the adopted pre-ageing treatment can play a great role in elimination the hardness drops of the alloy due to the floor aging effect.




3.2.2. Microstructure and Analysis


Figure 9 shows the SEM images of tensile fracture morphology of N + A and P + N + A specimens, respectively. They have more dimples than the fracture morphology of AA specimens. Besides the typical equiaxed dimples on the fracture surface, there are a small number of oval dimples. Comparing with Figure 9a,c,e and Figure 9b,d,f, respectively, the size of the dimples increases slightly with the increasing of the RT delay time. In addition, the size of dimples is smaller and more uniform than that of Figure 3. For pre-aged alloys, the tearing ridges between the dimples gradually increase. For the N + A specimens, Figure 10 shows the variation of two kinds of particles. The fine black particles can still be seen in Figure 10a, which are indicated by a red circle. The number of fine black particles is much less than that of Figure 5. When delayed at RT for 12 h, they can hardly be found. During this heat treatment process, when the delay time is less than 12 h, the degree of back-melting of the strengthening phase Mg2Si is continuously increasing. Accordingly, the hardness of the alloy continuously reduced to the minimum value. Subsequently, Mg2Si particles re-precipitate after final aging, making the hardness of the alloy increase. The change in precipitation of the particles in Figure 10 can explain the change in the curve in Figure 7 in one aspect.



For pre-aged samples shown in Figure 11, the distribution of fine black particles are different. The main strengthening precipitates have a larger size and a more dense distribution at a 12 h delay time. Subsequent precipitation of those particles gradually reduced, which can explain the tendency of the corresponding hardness curve in Figure 7. From Figure 12a,c,e, only a few metastable phases with short length appears in the matrix, and the “cross-needle” diffraction fringes can hardly be found in respective SADP patterns. Regardless of the length of the holding time at RT, the number of β″ particles in N + A specimens is much less than that in AA and P + N + A specimens. This is the main reason for the lower mechanical properties of N + A samples. During holding time at RT, the alloy began to be naturally aged, and the early clusters began to form [19].



From Figure 12d, it can be observed that there are more and smaller β″ particles than that of peak-aging shown in Figure 6b. This phenomenon illustrates that when the holding time is 12 h at RT, the pre-aging treatment can obtain a microstructure similar to that under peak-aging treatment. Thus, the improvement effect of this short-term aging process on the delayed effect is optimized. The change in system free energy caused by alloy nucleation during desolvation is:


ΔG=43πr3(ΔGV+ΔGε)+4πr2σ



(2)




where ΔGV is the change of free energy when forming a unit volume of incipient crystal, ΔGε is the strain energy generated when forming a unit volume of incipient crystal, and σ is the interface energy per unit area of the interface between the incipient crystal and the matrix.



The chemical free energy ΔGV represents the driving force for desolvation, and the size relates to temperature and composition. Under the two heat treatment conditions in Figure 12, the nucleation driving force of the N + A specimens is smaller than that of the P + N + A specimens. Due to the incubation period in the nucleation process of the G.P. zone and metastable phase of the alloy, the natural aging temperature is much lower than the tip temperature, so the incubation period is long, and the clusters formation is slow. The pre-aging temperature is close to the tip temperature and the incubation period is shorter. During the pre-aging process, the G.P. zone is almost completed. So, the nucleation points in the former are much less than that of the latter.






4. Conclusions


In this paper, the mechanical properties and microstructure of the extruded 6082 alloy after three different aging treatments were investigated. Based on the obtained results, the following conclusions can be drawn:



The aging precipitation process of 6082 aluminum alloy conforms to the de-dissolving sequence, and the optimal aging treatment is 175 °C/8 h. Under this condition, the alloy has the best mechanical properties, and the main strengthening particles are β” phase.



When the 6082 alloy was held at RT for a period of time between solution heat treatment and final aging, the delayed effect will be generated, resulting in a significant decrease of properties of the alloy after the final heat treatment. This phenomenon becomes most serious at a 12 h delay.



The pre-aging treatment of 175 °C/30 min after solution heat treatment can play a positive role in eliminating the delay effect. It can keep the alloy in a stable microstructure when held at RT for 24 h, so as to improve the final properties of the experimental alloy.
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Figure 1. Hardness curve of artificial aging (AA) specimens. 






Figure 1. Hardness curve of artificial aging (AA) specimens.



[image: Metals 09 00173 g001]







[image: Metals 09 00173 g002 550]





Figure 2. Tensile strength and elongation of AA specimens. 
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Figure 3. Fracture morphology of AA specimens. (a) 4 h/175 °C; (b) 8 h/175 °C; (c) 14 h/175 °C; (d) 24 h/175 °C. 
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Figure 4. Secondary electron scan (SEM) micrographs (a), electron backscattered diffraction (EBSD) image (b) and energy dispersive spectrometer (EDS) spectra analysis of peak aging alloys, (c) Phase A: irregular block; (d) Phase B: granular phase/graininess. 
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Figure 5. SEM micrographs of AA specimens. (a) 4 h; (b) 8 h; (c) 14 h; (d) 24 h; (e) 72 h; (f) 96 h. 
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Figure 6. Images with the corresponding selected area diffraction patterns (SADPs) of AA specimens: (a) 4 h; (b) 8 h; (c) 24 h; (d) 96 h. 
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Figure 7. Hardness curve of the alloys treated with two different aging. 
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Figure 8. Tensile mechanical properties of the alloys treated with two different aging: (a) ultimate tensile strength; (b) yield strength; (c) elongation. 
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Figure 9. Fracture morphology of the alloys treated with two different aging. (a,c,e) delayed aging specimens; (b,d,f) pre-aging specimens. (a,b) 1 h; (c,d) 12 h; (e,f) 24 h. 






Figure 9. Fracture morphology of the alloys treated with two different aging. (a,c,e) delayed aging specimens; (b,d,f) pre-aging specimens. (a,b) 1 h; (c,d) 12 h; (e,f) 24 h.



[image: Metals 09 00173 g009]







[image: Metals 09 00173 g010 550]





Figure 10. SEM micrographs of delayed aging specimens. (a) 1 h; (b) 8 h; (c) 12 h; (d) 20h; (e) 24 h; (f) 48 h. 
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Figure 11. SEM micrographs of the pre-aging specimens: (a) 1 h; (b) 12 h; (c) 24 h; (d) 48 h. 
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Figure 12. Images with the corresponding SADPs of N + A and P + N + A specimens. (a,c,d) N + A; (b,d,f) P + N + A; and stored in RT for (a,b) 1 h; (c,d) 12 h; (e,f) 48 h. 
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Table 1. Chemical composition of the experimental 6082 alloy.






Table 1. Chemical composition of the experimental 6082 alloy.





	Element
	Mg
	Si
	Mn
	Fe
	Cr
	Al





	wt %
	0.9
	1.0
	0.55
	0.2
	0.12
	97.23
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Table 2. Aging processes after solution treatment. The artificial aging (AA), natural aging before AA (N + A), pre-aging before N + A (P + N + A) are single-stage aging, delayed aging, and pre-aging treatment, respectively.






Table 2. Aging processes after solution treatment. The artificial aging (AA), natural aging before AA (N + A), pre-aging before N + A (P + N + A) are single-stage aging, delayed aging, and pre-aging treatment, respectively.





	Sample Category
	Heat Treatment Process





	AA
	AA for hours (from 1 h to 96 h)



	N + A
	NA for hours (from 30 mins to 48 h) and AA for 8 h



	P + N + A
	Pre-aging, NA for hours (from 30 mins to 48 h) and AA for 8 h
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