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    Abstract


    A non-heat treatment way was applied to study the effect of the secondary phase on the corrosion of Al-Zn-Mg-Cu alloy in order to exclude the effect of variation of grain size. The area ration of corrosion pits and secondary phase (150 samples) was used to characterize the corrosion degree of secondary phase after Intergranular Corrosion test for a constant period. Then the effect of size and distribution of secondary phase was determined by using the SEM-EDS and EPMA equipment, the Electrochemical test and the Image-pro plus software after immersion test. The results show that the corrosion resistance of Al-Zn-Mg-Cu alloys is positive related to the size of secondary phase. The sparse or dense phase distribution on and within grain boundary retard the pit initiate and extend along the grain boundary, so it increases the corrosion resistance of Al-Zn-Mg-Cu alloy.
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    Introduction


    Al-Zn-Mg-Cu series alloys are extensively used in aerospace and transportation because of their exceptional combination of low density, high ductility and high strength [1-3]. The excellent mechanical properties and good electrochemical properties are attributed to the well combination between the precipitated strengthen phase and refined grain size, which are mainly formed during the deformation and heat treatments process [4]. However, the mechanical properties are usually negative related with the corrosion resistance properties for this type alloy [5]. The high strength of Al-Zn-Mg-Cu alloy is attribute to the appropriate size and distribution of secondary phase after a series deformation and heat treatments process, but this heterogeneity of atomic composition originate from secondary phase also renders the alloy prone to localized corrosion, the structure material would easily to failure in service [6,7]. There is a strong correlation between local corrosion behaviors of Al-Zn-Mg-Cu alloy and intermetallic. Pitting corrosion is one of the most common corrosion behaviors of localized corrosion, and can lead to more serious corrosion behavior, such as Intergranular Corrosion (IC), exfoliation corrosion and stress corrosion cracking [8]. In Al-Zn-Mg-Cu alloy, secondary phases (such as MgZn2 phase, Al2CuMg phase and Al7Cu2Fe phase) are considered as the initial site of pitting corrosion because of the strong galvanic coupling with the Al-matrix. Whether the intermetallic particles act as anode or cathode depending their components and chemical composition. The cathode particles would be more harmful for the corrosion resistance of aluminum alloy, because the cathode intermetallic particles can be easily fell off from the Al-matrix during the corrosion circumstances [9]. Therefore, studying the effect of secondary phase on the corrosion behaviors of Al-Zn-Mg-Cu alloy has a big practice significance.


    The extensive research has been documented to study the effect of secondary phase on the corrosion behaviors of Al-Zn-Mg-Cu alloys [10-12]. These researches mainly can be divided into three aspects: Corrosion mechanism, phase structure, size and distribution of phase. For instance, Yuanwei Sun, et al. [13] investigated the localized corrosion behavior of Al7Cu2Fe phase in Al-Zn-Mg-Cu-Zr alloy. Atomic force microscopy was used to measure the potential difference between Al7Cu2Fe phase and Al matrix, the result shows that the Al7Cu2Fe phase acts as cathode expect to the Al-matrix during the Intergranular Corrosion test. Yu Shuang, et al. [9] studied the corrosion behavior of β' phase in Mg-10Gd-3Y-0.4Zr alloy during aging Treatment, the results show that the corrosion behavior of this alloy is mainly attributed to the multilayer structure of β', the rare earth appears zigzag monolayers in β' phase along the direction of [1 0 0]β', and three layers of Mg are arranged between each two RE layers, so the dissolution of the RE monolayers occurs preferentially in β' phase during corrosion. J Wanget, al. [14] investigated the corrosion pitting initiation for different sizes of S-phase in 2024Al alloy during the solid solution process, the results show that the S-phases triggers the local dissolution of the surrounding Al matrix with the increasement of the size. What's more, K.D. Ralston, et al. [15] studied that the effect of phase size on the yield strength-pitting corrosion relationship in Al-Cu-Mg alloys, the results show that a precipitate size range exists where the inverse correlation between strength and corrosion resistance can be broken. Besides, there are also large numbers of research proceeded in terms of the combination effect of secondary phase and grain size on the corrosion of metal alloy [8,16-18].


    However, although the research on the phase corrosion behavior has obtained excellent progress, the limitation of these researches is the single experiment way, i.e. the heat treatment process. But the structure, phase size and grain size wouldn't individually change during the solid solution or aging heat treatment, it brings a little discrepancy when the research point is only one of the above variations, such as the secondary phase or grain size. Nevertheless, the dissolution activity varies from one particle to another particle, which hinders understanding the mechanism of pitting initiating and propagation in Al-Zn-Mg-Cu alloy [19]. For instance, the electrochemical role of nanoscale S-phase at the initial corrosion stage has been investigated, a critical size of about 10 nm is determined below which S-phases are free of pitting corrosion [20].


    Therefore, a novel way was used to study the effect of secondary phase on the corrosion of Al-Zn-Mg-Cu alloy. During this work, the effect of secondary phase on the corrosion of Al-Zn-Mg-Cu was investigated by using a non-heat treatment way (excepting some samples would only be conducted to pre-heat treatment before experiment) to exclude the effect of grain size variation. The ration of corrosion pit and secondary phase (150 samples) was used to characterize the corrosion degree of secondary phase after Intergranular Corrosion test. Then the effect of size and distribution of secondary phase were determined by using the SEM-EDS and EPMA equipment and the Image-pro plus software. What's more, the relationship between the composition of solute atoms and the volume of secondary phase, and the evolution law of atomic concentration in secondary phase and surrounding region during IC test was also determined.


    Experimental Procedures


    Materials preparation


    The raw materials were melted at 800 ℃ in electrical resistance furnace. The melt was poured at a temperature of 780 ℃ into a rectangular permanent steel mold to obtain the cast ingot. The melting process was completed in Hunan Business College, China. The chemical compositions of the experimental alloy are shown in Table 1. The ingot was conducted a two-stage homogenization (400 ℃/12 h + 470 ℃/12 h) before deformation process. After the completion of homogenization treatment, the alloy was directly suffered water quenching. The material used in this study is hot-rolled Al-Zn-Mg-Cu plate (the initial thickness of plate was 500 mm and the rolled starting temperature is 460 ℃, the roll was pre-heated up to 300 ℃. During rolling process, the rolled reduction is 84%, thus the thickness of finished product is 80 mm, and the finished temperature of plate is approximately 320 ℃). The rolling process was performed in the State Key Laboratory of High Performance and Complex Manufacturing, Central South University.


    Several samples with across-section of 10 × 10 mm and a thickness of 5 mm were cut from the central surface of the plate. It is worthy note that the samples were cut from the same position in order to let these samples possess the similar grain size. Afterwards, samples were progressively ground to 1500 grit with SiC paper followed by 1 μm diamond suspension polishing for the after using. Besides that, some samples were suffered a pre-solid solution process in order to dissolve the small and dispersive phases before immersion test.


    Microstructural analysis


    To characterize the morphology, distribution and concentration of secondary phase, the ZEISS EVO MA10 Scanning Electron Microscopy (SEM) with a Tungsten filament and Energy Dispersive Spectrometer (EDS) analysis were carried out on as-polished surfaces, the accelerating voltage is 20 kV. The Electron Probe Microanalysis (EPMA) 1720 series instrument was used to measure the distribution map of the solute atom concentration, the resolution of which is approximate 5 Å and the acceleration voltage is 20 kV. What's more, the size of secondary phase was gauged by using Image-pro plus software.


    Immersion and electrochemical polarization testing


    Before immersion testing, all samples were prepared to a 1 μm finished diamond polishing. Immersion testing was conducted in Intergranular Corrosion (IC) solution (57 g NaCl + 10 ml H2O2 then dilution by water to 1 L solution) for 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, 3 h respectively. After immersion, the cleaning of sample surfaces was done by immersion and agitation in 20% nitric acid 80% distilled water for about 1 min till the corrosion products fell off from the sample surface and left distinct corrosion pits. Followed by a water rinse and ethanol washed away the corrosion products remain on the surface. This processing was satisfactory for removal of corrosion product without causing deleterious damage to the alloy surface.


    Electrochemical measurement was conducted by using a standard three-electrode system electrochemical workstation (CHI660E, Shanghai chenhua instrument co., LTD, China) in 3.5 wt.% NaCl aqueous solution at 25 ± 1 ℃. The hot rolled specimens were taken along the cross section and the working electrode with an exposed surface of 1 cm2. A saturated calomel reference electrode (SCE) and a platinum plate counter electrode (CE) were applied with the specimen working electrode (WE) to carry out the electrochemical tests. The polarization curves were acquired at the sweep rate of 1 mV*s-1 with the potential changed from -1.6 V to -0.2 V. Immersion and electrochemical polarization tests were duplicated for three times of each alloy to guarantee the repeatability.


    Corrosion morphology observation


    The microstructure and morphology of the immersion-tested samples was observed using SEM equipment. The concentration distribution of solute atoms after IC was observed by using SEM-EDS and EPMA equipment. The size of secondary phase and corrosion pits was gauged by Image-pro plus software.


    Results


    Microstructure evolution


    The localized microstructure evolution of the samples after immersed IC solution for 1 h was determined by in-situ SEM and EDS observation methods as shown in Figure 1, and the chemical concentration of the phase point "D", "E" and "F" are shown in Table 2. Figure 1a is the initial microstructure of samples before IC test, it can be obtained thatAl7Cu2Fe (Irregular and bulky), S-phase (rod like) and η-phase (Circular dispersive) all appear white, and the matrix appear grey. What's more, the distribution of η-phase is small and dispersive, the S-phase and Al7Cu2Fe phase are bulky and discretely distributed in Al matrix. Figure 1b is the in-situ morphology of samples surface after IC test for 1 h, and Figure 1c is the enlarged region of the red box in Figure 1b. It can be seen that the typical morphology of this alloy after IC existed in Figure 1b and Figure 1c, such as corrosion pits and mud-cracking (as shown the box "C" in Figure 1b). The core-type structure of the pits implies that the η-phase and S-phase generally acted as cathode with expect to the Al matrix during IC test. Figure 1d is the corrosion morphology of samples pits after IC for 2 h. It is easy figured out that some small S-phases and a large number of η-phases fell off from the matrix and left the corrosion cavities after IC for 2 h. That means the dispersive η phase would more easily fell off from the Al matrix than the bulky S-phase in the Intergranular Corrosion circumstance. And the corrosion degree is more severe (e.g. mud-cracking corrosion) in the region consists of the dispersive η phase with respect to that of S-phase. What's more, the remained S-phase and Al7Cu2Fe phase presented obvious core-type structure, and the shapes are similar between the outer pits and core phase.


    It is worthy noted that the similar microstructure has the extraordinary different corrosion morphology. For instance, there was no obvious characterization of corrosion was occurred in region "A", but the opposite results have taken place in region "B" and "C". Besides, the form of mud-cracking corrosion morphology was observed in region "C". This mud-cracking initiated at the η-phase and propagated to the matrix along the grain boundary. What's more, the corrosion pits of bulky S-phase also present core-type structure. And there is no distinct variation of area for the secondary phase after IC test by comparing with images in Figure 1a and Figure 1b. For the bulky and irregular Al7Cu2Fe phase, the similar phenomenon (core-type structure) was found during the Intergranular Corrosion test. What's more, there were large differences in terms of corrosion degree in a mesoscopic region as shown in Figure 1c, such as the coexistence of core-type structure, pits and corroded regions. The reason for that will determine in after research.


    Evolution of atomic concentration


    EPMA mapping analysis was carried out to intuitively characterize the atomic concentration distribution in constituent particles and matrix before and after IC test, and the results are shown in Figure 2 and Figure 3. It can be found that the contents of Cu and Mg are at a high level in bulky S(Al2CuMg) phase. The contents of Mg and Zn are at a high level in dispersive η (MgZn2) phase with respect to that in matrix, and the content of Al is at a low level in those particles. The contents of Fe, Mn, Si (only a few Mg2Si-phase exist) and Zr uniformly distribute in S-phase and matrix. It is worthy noted that the content of main elements in core of particles is higher than that in boundary of particles and matrix. It can also be found that the content of main elements in core of particles is positively related to the volume of these particles, e.g., the content of Cu in phase of the "A" and "B" regions in Figure 2, The result has also been confirmed in our previous research [21].


    Figure 3 is the distribution of atomic concentration in secondary phase and surrounding matrix after IC test for 1h. Comparing the results before IC test in Figure 2, the main change of morphology are the dissolution of intermetallic compounds and the formation of the corrosion pits. Besides, the contents of Mg and Al in S-phase and corrosion cavity decreased into a low level after IC test, and that of Cu increased into a high level after IC test. The Liner-Scanning (LS) of EDS was also used to characterize the evolution of atomic concentration in S-phase and adjacent region during IC test, and the results are shown in Figure 4. The abscissa is the distance from the start point to the scanning point of LS, the ordinate is the content of element in S-phase, L1 and L2 in Figure 2 and Figure 3 represent the position of LS by EDS measurement before and after IC test respectively. The black line and red line in Figure 4 represent the profiles of elements before and after IC test respectively.


    It can be seen that the concentration of Mg and Al decreased monotonously in S phase and adjacent regions, but that of Cu increased in these regions. It evident that Mg and Al in S phase are mainly preferentially dissolved in the process of Intergranular Corrosion. By comparing the relative research before [22-25], it is easy to find out that the Mg element in S-phase acts as anodic with respect to matrix during the corrosion initiation stage, and preferentially dissolved to the IC solution, thus the Cu element is in a high content in de-alloyed S-phase. Then the Al element in surrounding matrix acts as anodic with respect to the de-Mg S-phase which mainly comprise low content of Al and high content of Cu element. Ultimately, the de-Mg S-phase would fell off from the matrix when the adjacent matrix all dissolved to the IC solution. By comparing the contents of Zn and Mg in η (MgZn2) phase before and after IC test as shown in Figure 2 and Figure 3, it can be found that the content of Mg and Al in η phase and surrounding regions decreased after IC and formed the morphology of corrosion pits, but the content of Zn in η phase is basically unchanged. The circle "C" in Figure 3 main containing the Fe-containing (Al7Cu2Fe) phases, it can be found that the contents of Fe and Cu in Al7Cu2Fe phases are also in a high level that means the Al7Cu2Fe phases acts as cathode with respect to the Al matrix during the IC test.


    Electrochemical test


    The aim of this work is to research the effect of secondary phase on the corrosion of Al-Zn-Mg-Cu alloy by using a non-heat treatment way to exclude the effect of the variation of grain size, but some samples need to suffer a pre-solid solution to dissolve the dispersive η phase, so the corrosion behavior of samples varies with the solution time should be provided here. What's more, the solid solution process of samples accompanies the dissolution of different kinds of particles, so it can provide the fundament of theoretical analysis about the different corrosion behaviors of different phases. Figure 5a presents the polarization curves and Figure 6b presents the corrosion potential (Ecorr) and corrosion current density (Icorr) for samples respectively after solid solution at 470 ℃ for different time in 3.5 wt.% NaCl aqueous solution and the temperature is 25 ℃. It can be seen that the corrosion potential is about -0.86 V for the hot rolled sample, higher than that of samples during most stages of solid solution. The corrosion potential first decreased and then increased when the alloy was dissolved at 470 ℃ for 0~15 min, afterwards, the corrosion potential decreased monotonous when the alloy was dissolved exceeded 15 min. The evolution of corrosion current density is almost opposite to that of corrosion potential. However, it is worth noting that the Icorr only occurred a minor shift when the solution time varies from 0 min to 5 min. Thus, the pre-heat treatment (470 ℃/5 min) of some samples has little influence on the corrosion behavior of samples. Due to the aluminum alloy acts as anodic in 3.5 wt.% NaCl aqueous, the corrosion resistance and corrosion current density of the alloy are negatively correlated. Consequently, the corrosion resistance of the alloy first decreased and then increased and finally decreased with the solution time when the samples were suffered solid solution at 470 ℃ for 0~30 min. Besides that, the corrosion resistant is well performed when the alloy was dissolved at 470 ℃ for about 0~5 min and 25 min. It also can be seen that there is a passivation zone for the sample after solid solution for 30 min, the possible reason is the forming of the oxide layer during the long-time solid solution at high temperature.


    Corrosion behavior-phase size


    To determine the relationship between corrosion resistance and size of constituent particles of Al-Zn-Mg-Cu alloy, about 150 phases (the morphology of one typical sample is shown in Figure 1d) with different sizes were investigated in terms of the area of the secondary phase and the adjacent pits after IC for 2 h. Due to the data about the size and distribution density of S phase is easy to collect, all phases chosen were S-phase determined with EDS observation method before test. The final results are shown in Figure 6. The abscissa is the size of the S-phase, and the ordinate represents the corrosion degree which was expressed by the area ration of the adjacent corrosion pit and the core S-phase. It can be found that the corrosion degree monotonous decreases with the increment of the size of S-phase, namely the corrosion resistance of samples are positive correlated to the volume of secondary phase. There also exists well-defined relationship between the corrosion degree and the size of S-phase, which is shown as the black line in Figure 6 and Eq. (1) by function fitting with Origin 2018 software. With the increment of the volume of S-phase, the corrosion degree presents exponential decrement (the exponent factor a < 0). In other words, the corrosion resistance is positive related to the volume of S-phase in Al-Zn-Mg-Cu alloy.


    C D =7.137 x −0.31751 (1)


    Where CD represents the corrosion degree. And x is the area of S-phase.


    Corrosion behavior-phase distribution


    The corrosion morphology results of different kinds of phase distribution of samples after IC for 1.5 h is shown in Figure 7. It can be found that the corrosion cracks extended along the grain boundary and then forward to the position of "interconnection". The results show that the pits initiated homogeneously and extended along the grain boundary when the phase distributes uniformly in these regions (as shown in Figure 7a). However, it can be seen that there were some small discrepancies in these regions. For instance, the corrosion cracks didn't reach the point of "interconnection" in some regions where the distribution of phase is sparse (e.g. the red box marked "A" in Figure 7a). The corrosion cracks have reached the point of "interconnection" in some regions where the distribution of phase is dense (as the red box marked "B" shown in Figure 7a). Besides, the width of the corrosion cracks was also affected by the phase density in the grain boundary. The crack is exceptional wide in some regions where the phase is very dense in the grain boundary (e.g. the red box marked "C" in Figure 7b). But the width of cracks is narrow in other regions where the phase distribution is sparse. What's more, when the phase density is exceptional large in local region (as the central gray region shown in Figure 7c), this region would act as the barrier that retard the corrosion cracks extend. From the corroded region in Figure 7c, it also can be deduced the dense phase distribution within grain also increase the corrosion resistance of alloy. Consequently, either the sparse or dense phase distribution increases the corrosion resistance of Al-Zn-Mg-Cu alloy.


    Discussions


    Concentration-size relationship in secondary phase


    To further investigate the relationship between the content of main elements with the volume of constituent particles, the atomic concentration and size of 150 S-phases were collected with the assistant of SEM-EDS analysis and Image-pro plus software. Due to the content of Mg is basically equal to that of Cu in S-phase, the Al and Cu elements were chosen to determine the above-mentioned relationship. The results are shown in Figure 8. The abscissa is the area of S-phase, and the ordinate is the solute concentration in core of particles. It can be seen that the content of Cu is positively related to the volume of S-phase, but the content of Al turns out to be the opposite. The mathematical relationship between the content of main elements and the volume of particles is also well-defined. The result show that with the increment of the volume of S-phase, the content of Cu (Al) are shown as Bradley function increasing (decreasing), the fitting curve and function are shown as the black line in Figure 8a and Table 3.


    The reason for this relationship between the concentration and the volume of S-phase is mainly related to the formation mechanism of intermetallic compounds. The essential of the secondary phase is a cluster of atoms, and mainly formed in the process of casting and corresponding heat treatments, so the larger the volume of particles, the higher concentration in the core position of secondary phase [21,26,27]. It also can be found that there are some data points deviating from the fitting curve in Figure 8. The possible reason is the effect of extremely irregular morphology of some phases on the experiment measurement.


    The above content has revealed that the relationship between the concentration and size of S-phase, and the evolution law of atomic concentration in S-phase and surrounding region during the Intergranular Corrosion test. It can be concluded that the corrosion resistance of Al-Zn-Mg-Cu alloy is positive related to the volume of S-phase. Except the propagation problem of corrosion crack [7], the more essential reasons are as follows: With the increment of the volume of S-phase, the content of Cu in S-phase also increased, so the equilibrium potential of the S-phase also increased, and the potential difference between the S-phase and surrounding matrix deceased, so the Intergranular Corrosion is more difficult to occur.


    Corrosion resistance-distribution relationship


    The results of electrochemical test showed that the corrosion resistance of the alloy first decreased and then increased and finally decreased with the solution time. The dissolution behaviors of secondary phase in the alloy during the solid solution stage has been studied in our previous work [21], the result shown that the dissolution of η(MgZn2) phase mainly occurred when the alloy was suffered from solid solution process at 470 ℃ for 0~5 min. During this stage, the corrosion resistance was nearly unchanged (the result has obtained in Polarization test). So, the corrosion resistance of the alloy with dispersed η(MgZn2) phase is basically equal to its corresponding supersaturated solid solution. It was also known that the dissolution of S(Al2CuMg) phase mainly occurred when the alloy was dissolved at 470 ℃ for 5~35 min. During this stage, the corrosion resistance was first increased and then decreased with solution time, and the corrosion resistance reached highest value after solution for approximately 25 min. According to research of other professors [28,29], the possible reason is that the dissolution of S-phase simultaneously accompanied the process of recrystallization. The dissolution of S phase and the process of grain refinement would increase the resistance of alloy, but the process of grain growth is harmful for the corrosion resistance of the alloy. The dissolution of S phase and the process of grain refinement mainly occurred when the alloy was dissolved at 470 ℃ for 5~25 min, so the corrosion resistance increased during this stage. However, the weakness effect of corrosion resistance caused by grain growth is more obvious when the alloy was dissolved at 470 ℃ for 25~30 min, so the corrosion resistance of the alloy decreased during this stage.


    As mentioned in section 5.4, either the sparse or dense phase distribution has the benefit influence on the corrosion resistance of Al-Zn-Mg-Cu alloy. As we known, the corrosion rate of metal alloy is mainly controlled by the potential difference [30], and the potential difference is mainly contributed to the structure difference, such as: Concentration, grain structure, element types and other environment factors. When the phase distribution is sparse or dense in some regions, the atomic concentration difference in these regions are lower than that in other regions where the phase distribution is unevenly. So, the equilibrium potential difference is also low in these regions where the phase distribution is sparse or dense, besides, the corrosion initiating and extending in these regions also have a low rate. What's more, the local dense phase distribution region could be regarded as a "big phase" during immersion test. This region can act as anode at the pit initiating because of high content of Mg in η(MgZn2) and S(Al2CuMg) phase, then the "big phase" would act as the cathode with respect to the surrounding matrix when the de-Mg "big phase" was formed. So these regions can retard the corrosion initiating and extending during IC, and increase the corrosion resistance of Al-Zn-Mg-Cu alloy.


    Conclusions


    The effect of secondary phase on the corrosion of Al-Zn-Mg-Cu was investigated by using a non-heat treatment way to exclude the effect of grain size variation. About 150 samples were used to investigate the corrosion behaviors of secondary phase during Intergranular Corrosion test. Then the effect of size and distribution of secondary phase on the corrosion of this alloy was determined by using the SEM-EDS and EPMA equipment, Electrochemical test and the Image-pro plus software. What's more, the relationship between the composition of solute atoms and the volume of secondary phase, and the evolution law of atomic concentration in secondary phase and surrounding region during Intergranular Corrosion test was also studied. Some conclusions can be drawn as follows:


    1. The atomic concentration of main elements in secondary phase is positively related with the volume of secondary phase.


    2. The Mg atoms in η(MgZn2)phase and S(Al2CuMg) phase acts as anodic with respect to the Al matrix during the pit initiation, and preferentially dissolved to the Intergranular Corrosion solution, then the de-Mg η phase (Zn rich) and de-Mg S-phase (Cu rich) acts as cathode with respect to Al matrix. The Al7Cu2Fe phases acts as cathode with respect to the Al matrix during the IC test.


    3. The corrosion resistance of Al-Zn-Mg-Cu alloy is positive correlated to the volume of secondary phase.


    4. Either the sparse or dense phase distribution on or within grain boundary has the benefit influence on the corrosion resistance of Al-Zn-Mg-Cu alloy.
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      Figure 1: The corrosion morphology of samples after IC for different time: (a) Before immersion test; (b) After immersion test for 1 h; (c) Local magnitude image of the red box in (b); and (d) After immersion test for 2 h. View Figure 1

    


    
      Figure 2: EPMA mapping analysis of the samples before IC test. View Figure 2

    


    
      Figure 3: EPMA mapping analysis of the samples after IC test for 1 h.View Figure 3

    


    
      Figure 4: The variation of atomic concentration of: (a) Mg; (b) Cu; (c) Al in S-phase and adjacent region after IC. View Figure 4

    


    
      Figure 5: Polarization test of the alloy in 3.5 wt.% NaCl aqueous solution: (a) Polarization curves; and (b) Corrosion potential and corrosion current density for samples after solid solution at 470 ℃ for different time.View Figure 5

    


    
      Figure 6: The effect of S-phase size on the corrosion of Al-Zn-Mg-Cu alloy after IC for 2 h (the corrosion degree is the area ratio of the corrosion pit and the core phase).View Figure 6

    


    
      Figure 7: The morphology of corrosion for different kinds of phase distribution of samples after IC for 1.5 h (a) Uniform distribution; (b) Abundant precipitates in grain boundary; and (c) Abundant precipitate in local region. View Figure 7

    


    
      Figure 8: Relationship between the content of solute atoms in core of S-phase and the volume of S-phase. View Figure 8

    


    
      Table 1: Chemical composition of aluminum alloy Al-Zn-Mg-Cu (wt. %). View Table 1

    


    
      Table 2: Atomic concentration of the secondary phases. View Table 2

    


    
      Table 3: Bradley fitting of the concentration of Al and Cu varied with the area of S-phase. View Table 3
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