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Abstract

:

Tensile experiments were conducted for Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy in different aging states (18 h, 24 h, 36 h) with temperature environments including room temperature, −10 °C and −30 °C. Comparative studies were made on the evolution of the precipitate phase in alloys at three kinds of aging times and the evolution of tensile properties in alloys under different ambient temperatures. The findings showed that the precipitates in Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy were mainly in the GP zone after the solution + aging treatment η’ phase, the secondary Al3 (Sc, Zr) phase and the θ’ (Al2Cu) phase. As the aging time was prolonged, the η’ phase gradually grew and the PFZ gradually widened. At the three test temperatures, the tensile strength (TS) and yield strength (YS) of the alloys both showed a trend of first increasing before decreasing with the extension of aging time, while the elongation (A) and section shrinkage (Z) showed a decreasing trend. As the test temperature decreased, the TS and YS of the alloys increased and the A and Z of the alloys decreased. At room temperature, alloys showed a ductile fracture mode, which changed to mixed ductile and brittle fracture with decreasing test temperature.
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1. Introduction


As structural materials, Al-Zn-Mg-Cu alloys are widely used in various fields—such as automobiles, ships, aerospace industry, and so on—because of their high plasticity and high corrosion resistance, as well as their good strength-to-weight ratio [1,2,3]. In industrial production, this series of alloys is usually produced through casting, powder metallurgy, spray forming, electromagnetic stirring, and other forming technologies. In the following experiment, micro-alloying, heat treatment and plastic processing are adopted to enhance the performance of this series of alloys [4,5,6]. Adding alloying elements is a critical factor in strengthening the properties of Al-Zn-Mg-Cu alloys, and the regulation of the species and proportions of the added alloying elements has been carried out throughout the alloys’ development. The mechanical performance of alloys is strengthened by adjustments to the heat treatment process, which is essentially due to the lattice distortion caused by its elements or the second-phase formation within the matrix material [7,8]. At present, researchers have investigated this series of alloys from multiple angles, including by optimizing the design of new grades of alloys through further adjustments to the alloys’ composition to fundamentally change their overall performance. It is also possible to improve the heat treatment process to affect the evolution of the alloy’s microstructure, which then regulates the alloy to exhibit mechanical properties at the macroscopic level. First, the existing heat-treating procedure is further improved and optimized. In addition, a new heat treatment process that is more suitable for industrial production will be developed to explore more deeply the strengthening mechanism of aluminum alloys from the microscopic point of view, as well as to realize improvements in their macroscopic properties by controlling their microstructure [9,10].



Al-Zn-Mg-Cu alloys are heat-treatable strengthening alloys. After a solution treatment, this series of alloys will be desolventized in a low-temperature aging, and plenty of fine and dispersed particles such as the GP region and η’ will be precipitated. Because of the pinning effect of these strengthening phases, the dislocation movement of the alloys is hindered, and dispersion strengthening then occurs [11,12]. The over-saturated solid solution formed by this series of alloys is unstable after the solid solution, and the energy difference will promote its own decomposition. This is mainly due to the higher alloying degree of this serial alloy, so that the precipitation of the second-phase Tanlianker et al. [13] proposed a regression re-aging (RRA) treatment regime based on the T77 aging process, in the hope of achieving a balanced alloy synthesis by combining the advantages of single-stage and dual-stage aging. Regression re-aging (RRA) is divided into three main stages, the first of which is low-temperature pre-aging, a phase with a long holding time aimed at precipitating a large number of strengthening phases such as the GP zone and η’. The second stage is high-temperature regression aging, which means that the alloys are heated and kept warm for a short amount of time (the temperature range is between the pre-aging temperature and the solution temperature). In this process, small GP zones and η’ phase structures inside the grains decrease with volume fraction, while the η’ phase grows discretely around the grains’ boundaries. A major breakthrough has also been made in the research on the regression re-aging process. Han et al. [14] found that the temperature of the regression treatment would affect the properties of 7050 aluminum alloy. When the regression temperature was of 150 °C and 170 °C, the alloy’s strength and fracture toughness were improved. In addition, Xu et al. [15]’s research results achieved the best comprehensive properties when treating AA7150 aluminum alloy by slowly raising the temperature in the pre-aging stage and keeping the temperature at 65 °C.



Compared with the room-temperature environment, the microstructure of the tensile-deformation zone of alloys in the low-temperature environment often undergoes large changes and the fracture mechanism may also be different. Currently, the fatigue behavior of aluminum alloys is mostly studied under high-temperature, corrosion and high-circumference conditions, and the 2xxx series alloys are the most-studied subjects. In contrast, there is relatively little research on the low-temperature tensile behaviors of such alloys. In low-temperature environments, tensile fracture sometimes occurs more rapidly, with a shorter duration and no obvious signs before fracture. Therefore, the study of the tensile mechanisms in this series of alloys at low temperatures is indispensable for ensuring their practical and safe application and has important research value and practical significance.




2. Experiment


For the present experiment, the material used was Al-Zn-Mg-Cu-Zr-Sc alloy in the hot-extruded state, prepared from high-purity Al, pure Zn, pure Cu, pure Mg and Al-5%Zr and Al-2%Sc intermediate alloys. The specific chemical components and contents (wt.%) were 7.0Zn, 2.5Mg, 2.0Cu, 0.1Zr, 0.2Sc, Bal.Al by ARL PERFORM′X fluorescence spectrometer composition analysis. After homogenization treatment (460 °C × 24 h + air cooling), hot extrusion was performed using a 1250 t horizontal extruder at 460 °C preheating temperature, 490 °C extrusion temperature, 2.5 mm/s extrusion speed and 20:1 extrusion ratio.



Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy was treated by solid solution + single-stage aging using JHF-27 heat treatment furnace. The solid-solution-treatment process was 475 °C × 2 h + water quenching. The aging temperature was 110 °C for 18 h, 24 h, 36 h, and air cooling. The tensile properties of the different aging states of alloys were tested using a WDW-200E microcomputer-controlled electronic universal testing machine. The alloy specimens were subjected to tensile tests under the following temperature environments: room temperature, −10 °C and −30 °C. When the experiment was conducted in low-temperature environment, the specimen was pre-insulated for approximately 20 min, and the tensile rate was set to 2 mm/min. Tensile specimens and dimensions are shown in Figure 1.



Microstructure in alloys during the second phase was observed by JEM-2100 transmission electron microscope. The transmission samples were thinned using a Tenupol-5 double-spray thinner with a double-spray electrolyte of 25 wt.% HNO3 + 75 wt.% CH3OH solution. Before starting the sample preparation, the temperature of the electrolyte was reduced to approximately −30 °C., the operating voltage of the equipment was set to approximately 17 V, and the operating current was controlled at approximately 80 mA. The tensile fracture of alloy samples was observed and analyzed using an S3400N scanning electron microscope.




3. Results


3.1. Microstructure Analysis


Figure 2 shows the metallographic structure of the experimental alloy when aged at 110 °C at different times. As shown in the Figure, there was little difference in grain size when Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy was under the solid solution + aging treatment.



The TEM photographs of the solid solution + aging state of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy were shown in Figure 3. From Figure 3a,c,e, it can be observed that a great number of bean-like precipitated phases were found spread in the substrate of the alloys at different aging times. Combining the diffraction maps in Figure 3b,d,f and the related literature [16], it was clear that this bean-like second phase was the secondary Al3(Sc, Zr) phase, and 1/2{220}Al was the site where its derivative point appeared. Meanwhile, a non-serif band was detected on the particles of the secondary Al3(Sc, Zr) phase, and the presence of the non-serif band showed that the secondary Al3(Sc, Zr) phase had a nice co-localization with the Al substrate. As seen in Figure 3b,d,f, the alloys at different aging times were distributed with finer second phases than the secondary Al3(Sc, Zr) phases, which were numerous and uniformly diffuse in the α-Al matrix. Combining the electron diffraction pattern in the figure and the related literature [17], it was clear that the fine-grained phases appearing in the TEM images were the GP region and the η’ phase. The η’ phase appeared at 1/3{220}Al, or 2/3{220}Al in the SAED pattern, while the GP region corresponded to 1/4{430}Al in the SAED pattern. In Figure 3b, after aging for 18 h, both the GP zone and the η’ phase were found within the alloy. In Figure 3d, after having increased the aging time to 24 h, the diffraction bright spot in the η’ phase was still present in the electron diffraction pattern. However, the diffraction bright spot in the GP zone was not as obvious as it was when under 18h of aging, and was relatively dark, indicating that more of the GP zone had been converted into the η’ phase. From Figure 3d, one could see that the apparent growth of the η’ phase occurred during an aging time of between 24 h and 36 h.



In addition to the secondary Al3(Sc, Zr) phase, the GP zone and the η’ phase, another secondary phase was found in the T6 state alloy, and the morphology of this phase under TEM and the electron diffraction pattern of the corresponding selected region are shown in Figure 4a. This phase had a sub-circular appearance with a diameter of approximately 120 nm. The results of the EDS analysis of this phase are shown in Figure 4b, while the mass percentages and chemical atomic ratios of the chemical elements composing this phase are listed in Table 1. As can be seen from Figure 4b, the major elements forming this phase were Al, Cu, and minor amounts of Zn, Mg and Sc. From Table 1, it can be observed that the proportion of Al and Cu atoms in this phase was close to 2:1; combined with the derivative patterns and related papers, the phase was determined to be a θ’(Al2Cu) phase [18].



The TEM bright-field images for Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy located at the grain boundary and in its vicinity are illustrated in Figure 5. As can be seen in the Figure, after the solid solution + aging treatment, there were precipitation-free zones (PFZ) surrounding all the grain boundaries, while the precipitation phase (GBP) was present at the grain boundaries. As seen in Figure 5a, when the aging time was 18 h, the GBP was chain-like, with a uniform, continuous arrangement at the grain boundaries and a PFZ’s width of approximately 14.8 nm. Upon increasing the aging time to 24 h, the size of the GBP increased and was intermittently arranged at the grain boundaries, and the PFZ’s width increased to 18.7 nm, as illustrated in Figure 5b. Following the 36h aging treatment, the GBP’s size and the PFZ’s width continually grew, with the PFZ’s width reaching 21.3 nm, as illustrated in Figure 5c.




3.2. Tensile Properties


3.2.1. Tensile Curves of Alloys


The tensile properties of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy were affected by both aging time and experimental temperature, and they tended to change significantly when the alloys underwent different aging times and were at different ambient temperatures. Figure 6a presents the curves of TS versus aging time for this alloy at various experimental temperatures. As shown in the Figure, the TS of the alloy exhibited a rising and then declining trend with increases in aging time, both at room temperature and low temperature. Moreover, for the same aging time, the decrease in ambient temperature led to a gradual increase in the TS of the alloy [19]. After 24 h of aging, the TS of the alloy reached a peak value in both room-temperature and low-temperature environments, with a maximum TS of 650 MPa at room temperature, 659 MPa at −10 °C, and an increase to 670 MPa at −30 °C. The YS versus aging time curves of the alloy in room-temperature and low-temperature environments are illustrated in Figure 6b. As shown in the Figure, the YS of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy exhibited a similar trend to that of the TS at different experimental temperatures, increasing and then decreasing with aging time, and reaching a peak at 24 h of aging. The YS of the alloy at identical aging times differed when the ambient temperature varied. Comparing the YS of the alloy at identical aging times, it was observed that the YS gradually improved as decreased. At room temperature, the maximum YS of this alloy was 591 MPa., 602 MPa at −10 °C-temperature environment, and 612 MPa at −30 °C-temperature environment. The curves of post-break elongation versus aging time for Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy at room temperature and low temperature are shown in Figure 6c. It can be seen from the Figure that the post-extension after aging time tended to decrease for the alloy at different experimental temperatures. Comparing the elongation at break of alloys with the same aging time, it can be seen that the elongation at break of alloys with the same aging time showed a decreasing trend when the experimental temperature decreased. Figure 6d shows the surface shrinkage of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy at various experimental temperatures as a function of aging time. The Figure shows that the effect of aging time and experimental temperature on the cross-sectional contraction rate of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy was comparable to the influence of stretching after fracture. The section elongation of the alloy showed a decreasing trend with increasing aging time at room temperature and low temperature, while the section shrinkage of the alloy decreased with decreasing experimental temperature at the same aging times.




3.2.2. Tensile Fracture Morphology


The tensile fracture of the alloy was viewed by an SEM to identify the alloy’s mechanism of fracture under different application conditions. The tensile fracture pattern of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy in the solid solution + aging state at room-temperature environment is illustrated in Figure 7. As seen in the Figure, when the applied experimental temperature was room temperature, many tough nests and tear ribs appeared on the alloy’s tensile fracture surface. With the increase in aging time, the number of tough nests on the alloy’s tensile fracture surface decreased significantly, and their size and depth also decreased, which corresponds to the decreasing trend in the alloy’s post-extension and section shrinkage when aging time increases. The above phenomena indicate that the fracture mode of the solid solution + aging state of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy was ductile fracture in a room-temperature environment.



Figure 8 displays the tensile fracture surface morphology of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy in the solid solution + aging condition at a low temperature of −10 °C. As can be seen from the Figure, at the experimental temperature of −10 °C, there were still dimples and tear edges on the tensile fracture surface of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy, but there were also a certain number of cleavage facets. At that time, the alloy exhibited a fracture characteristic of mixed toughness and brittleness. The above observations indicate that the increase in aging time and the decrease in experimental temperature both decrease the plasticity of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy.



Figure 9 presents the tensile fracture topography of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy at a low temperature of −30 °C. As can be seen from the Figure, when the experimental temperature was −30 °C, the number of ductile fracture features such as dimples and tear edges on the tensile fracture surface of the alloy significantly decreased. The proportion of cleavage facets on the fracture surface significantly increased, and the tensile fracture exhibited a typical ductile–brittle mixed fracture. The above phenomena indicated that the brittle fracture tendency of the alloy was more pronounced with further decreases in the experimental temperature.






4. Discussion


After Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc was melted and cast, elemental segregation created many non-equilibrium eutectic phases within the alloy that caused the deterioration of its properties, and homogenization was an effective means of eliminating composition segregation [19,20,21]. After homogenization, the segregated alloying elements and the coarse non-stationary phases within the alloy underwent re-solution to equilibrate the properties of the as-cast alloy, improve its plasticity during thermal deformation and reduce the risk of extrusion cracking during subsequent hot extrusions. After the heat treatment process of the solid solution at 475 °C + 110 °C aging, the grain size of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy did not show significant growth. The precipitated phases in the alloy consisted mainly of an Al3(Sc, Zr) phase, an η’ (MgZn2) phase, and a θ’(Al2Cu) phase. The η’(MgZn2) phase has a high melting point and superior thermal-stability properties and can be used as a heterogeneous core for nucleation during the casting process, significantly improving the alloy nucleation rate and thus refining Al-7.0 Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy. The η’(MgZn2) phase is diffusely spread in the Al matrix, which for Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy [20]. At some temperatures, it can also solid-solve in the aluminum phases in aging, thus greatly improving the mechanical properties of the alloy. After the solid-solution treatment, most of the second phase in Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy is dissolved into the matrix and precipitated in the aging stage. Secondary Al3(Sc, Zr) phases were found within the Al matrix at different aging times, and it has been suggested [16] that the dislocations and subgrain borders present in this phase produce a rather strong pinning effect, thus offering various strength-enhancing effects in the alloy. Since the secondary Al3(Sc, Zr) phase fixes dislocations and impedes the migration of grain boundaries, the recrystallization temperature of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy is greatly enhanced and a large number of dislocations and fine subgrain organization can be preserved in the solid solution + age-treated alloy, which is extremely advantageous for enhancing the tensile properties of the alloy.



Besides the secondary Al3(Sc, Zr) phase, the GP zone and the η’ phase were resolved in the solid solution + aging-treated alloy, and the presence of these two was the most significant reason for the greatly increased tensile properties of the Al-Zn-Mg-Cu-system alloy, which was also the underlying purpose of adding Zn and Mg elements. The relevant literature [20] has clarified that the phase-precipitation sequence in 7xxx-series aluminum alloys was SSS (supersaturated solid solution) → GP zone → η’ phase (MgZn2) → η phase (MgZn2). As the alloys in this paper were aged at a constant temperature of 110 °C, the primary factor affecting the order of the alloy’s strengthening-phase precipitation is the aging time. At an aging temperature of 110 °C, the aging time influences the morphology, size and distribution of the intracrystalline phase (MPt) of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy, in combination with the morphology and distribution of the grain-boundary-free zone (PFZ) and the grain-boundary-precipitation phase (GBP). There are two explanations for the formation of PFZs: one is the atom-poor theory. The grain boundary, as the place where vacancies are concentrated in the alloy, is usually in a higher energy state, and alloy atoms tend to accumulate towards the grain boundary and thus form second-phase particles. This phenomenon results in a decrease in the number of alloy atoms near the grain boundaries, creating a scarcity of alloy atoms—especially Zn atoms—near the grain boundaries, thus making the formation of a second phase near the grain boundaries insufficient, which leads to the formation of a precipitation-free zone (PFZ) around the grain boundaries. Another explanation is the critical-vacancy theory. This theory suggests that the second phase needs to be formed at a certain concentration of vacancies, and most of the vacancies near the grain boundaries slip into the intergranular area, making the concentration of vacancies in the vicinity lower than the critical vacancy concentration needed for the formation of the second phase. In addition to the second phase mentioned above, another nano-phase was found in the solid solution + aging-treated alloy, which was identified by diffraction patterns as the θ’(Al2Cu) phase [21]. From the above analysis, it is clear that the element Cu can also form precipitation-reinforced phases of relatively small sizes, in addition to forming solid solutions in Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy or coarser eutectic phases.



The tensile test results indicated that the tensile properties of the solid solution + aging-treated Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy were affected by both the aging time and the ambient temperature. The strength and plasticity of the alloys at the same experimental temperature and the trend of the aging time are closely correlated with the changes in the microstructure of the alloys. Since the heat treatment has little influence on the grain size and grain-boundary-disorientation of the alloy, the tensile properties of the alloy are mainly defined by the precipitated phases during aging. The order of precipitation and the appearance of the second phase in the alloy are closely linked to the aging time, as shown in the previous section. In the initial stage of aging, the alloying elements (mainly Mg and Zn elements) dissolved in the matrix undergo segregation in the supersaturated solid solution to produce GP zones, and as more and more GP zones precipitate in the Al matrix, they form an obstruction in the dislocations’ path of movement, causing an initial increase in the strength of the alloy. At the mid-aging stage, the GP zone transforms into the η’ phase, which is semi-coherent with the matrix and plays a serious interference role in the dislocation motion, so the appearance of the η’ phase leads to another increase in the TS of the alloy. When most of the GP region in the alloy is transformed into the η’ phase, the interaction between the dislocation and the second phase is at the critical stage of transformation from a cut-through into a bypass mechanism and, at this time, the TS of the alloy increases to its peak. As the aging time continues to increase, the η’ phase in the alloy begins to coarsen and transforms into the η phase [22]. The co-grid relationship with the matrix also worsens, weakening the hindering effect on dislocations and decreasing the tensile and YS of the alloy. The decreases in the post-extension and section shrinkage of the alloy after fracture due to the increase in aging time could be explained by the morphological changes of the GBP and the PFZ. As the aging time increases, the GBP increases further, while the PFZ, which has fewer mechanical properties, also appears near the grain boundaries and gradually enlarges, which results in more severe stress concentration and property degradation at the grain boundaries and further degradation of the metal’s plasticity [23,24,25]. The tendency of the strength and plasticity of the alloy to rise with temperature when the aging time is the same may be related to the strength of the atomic motion ability. In the room-temperature environment, the interaction between dislocations and precipitated phases is weak, and dislocations can break free from the pegging of the second phase to slide out of the grain and move to the grain boundaries when the short-range resistance to the dislocation motion is weak and dislocations have a large movable space. As the temperature decreases, the thermal vibration and diffusion rate of the atoms in the alloy begin to weaken. At this time, the dislocations form cutting steps and the resistance to the movement of the cutting steps themselves increases, the obstruction of the second relative dislocation also increases under the influence of the combined factors, and the movable capacity of the dislocations decreases resulting in an increase in the alloy’s TS and YS.



The tensile fracture morphology of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy at different experimental temperatures and aging times was observed, and it was found that when the experimental temperature was room temperature, the tensile fracture surface was distributed with many tough nests of different sizes and accompanied by some tearing-rib features. From the above, it is clear that the fracture mechanism of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy in room-temperature environment is ductile fracture. Residues of the second phase were found in the toughness nest, and according to the results of the energy spectral analysis, the elemental composition was found to be close to that of the Al7Cu2Fe phase and the S phase, which were directly responsible for the generation of the toughness-nest characteristics. The second-phase grains are different from the aluminum substrates during the tensile process of the sample due to the elastic modulus, so the degree of deformation is also very different, and it is easy to produce separation at the bond with the matrix. Moreover, the more brittle second phase itself can also easily produce stress concentration when reaches a critical value, which will generate microcracks in the second phase or in the bond between the second phase and the substrate; as the degree of deformation increases, the microcracks will extend outward and interconnect, forming a tough nest, and some second-phase particles will be left at the base of the tough nest [25,26,27,28]. The results of the above analysis indicate that the coarse-eutectic phase can have a significant effect on the fracture behavior of the alloy. The number, size and depth of the fracture surfaces of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy declined as the experimental temperature decreased. The lower the experimental temperature, the smaller the proportion of tough nests on the fracture surface and the larger the proportion of destructive surfaces. The fracture mechanism of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy at experimental temperatures of −10 °C and −30 °C can be judged as a mixed tough–brittle fracture based on the morphological characteristics presented on the fracture surface. The toughness of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy decreases with the experimental temperature and aging time decreases with decreasing experimental temperature and aging time, which can also be explained by the motion of dislocations. When the external temperature decreases, the thermal-oscillation ability of the alloy atoms becomes weaker and the Pena force of the dislocation motion increases, which leads to the appearance of more dense slip bands during their slip—which are the preferred path for crack expansion—and consequently the formation of deconvolution facets on the fracture surface. Secondly, as the temperature decreases, specific contractions occur in the aluminum matrix and in a second phase distributed at the grain boundary. However, the degree of shrinkage is different, so microcracks are easily generated at the phase boundary, and the microcrack extension is connected to the formation of deconvolution facets [29,30]. With the prolongation of aging time, the width of the PFZ increases, which makes it easy for the grain boundary of Al-7.0 Zn-2.5 Mg-2.0 Cu-0.1 Zr-0.2 SC alloy and its vicinity to become a mechanical weak zone, where cracks tend to expand rapidly. Based on the above discussion, decreases in temperature and increases in aging time lead to the decrease in plasticity of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy.




5. Conclusions


(1) After the T6 treatment, the precipitated phases in Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy mainly consisted of the GP region, the η’ phase, the secondary Al3(Sc, Zr) phase, the θ’(Al2Cu) phase, and the α-Al phase. With the extension of aging time, the η’ phase obviously increased. The precipitates at the grain boundary changed from having a continuous distribution to an interval distribution, and the width of the precipitate-free zone at the grain boundary gradually increased from 14.8 nm to 21.3 nm.



(2) The tensile and YSs of the T6 state Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy at room temperature, −10 °C and −30 °C reached their maximum values at an aging time of 24h. At all three aging times, the TS and YS of the alloys increased with decreases in test temperature, and the elongation at break and shrinkage at section decreased with decreases in test temperature.



(3) The tensile fracture morphology of the T6 state Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy at room temperature is characterized by tough nests and tearing ribs, and the fracture mechanism is ductile fracture. At −10 °C and −30 °C, the tensile fracture profile was characterized by the deconvolution facets and the fracture mechanism changed to mixed tough–brittle fracture.



In this paper, the tensile properties of Al-7.0Zn-2.5Mg-2.0Cu-0.1Zr-0.2Sc alloy under different conditions were tested at room temperature, −10 °C, and −30 °C. However, in practical engineering applications, it is still necessary to consider the impact of other factors under service conditions.
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Figure 1. Tensile specimen and size. 
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Figure 2. Metallography of alloy at different aging times: (a) solution + aging 18 h; (b) solution + aging 24 h; (c) solution + aging 36 h. 
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Figure 3. Morphology and electron diffraction pattern of precipitated phase in T6 alloy. (a,b) Solution + aging 18 h; (c,d) solution + aging 24 h; (e,f) solution + aging 36 h. 
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Figure 4. Morphology and energy spectrum analysis of precipitated phase in T6 alloy. 
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Figure 5. Grain boundary morphology of T6 alloy: (a) solution + aging 18 h; (b) solution + aging 24 h; (c) solution + aging 36 h. 
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Figure 6. Mechanical properties of alloys at different experimental temperatures: (a) TS versus aging time; (b) YS versus aging time; (c) elongation after fracture versus aging time; (d) reduction after fracture versus aging time. 
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Figure 7. Tensile fracture morphology of alloys in solid solution + aging at room temperature: (a) solution + aging 18 h; (b) solution + aging 24 h; (c) solution + aging 36 h. 
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Figure 8. Tensile fracture morphology of alloys in solid solution + aging at −10 °C: (a) solution + aging 18 h; (b) solution + aging 24 h; (c) solution + aging 36 h. 
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Figure 9. Tensile fracture morphology of the alloy in solid solution + aging at −30 °C: (a) solution + aging 18 h; (b) solution + aging 24 h; (c) solution + aging 36 h. 
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Table 1. EDS analysis results of precipitated phase in alloy.
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	Element
	Al
	Zn
	Mg
	Cu
	Sc





	wt.%
	36.23
	6.94
	0.55
	49.91
	6.37



	at.%
	55.97
	4.42
	0.94
	32.75
	5.91
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