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The structural safety and service life of civil aircraft can be decreased by corrosion damage to their aluminum components caused by long-term service in corrosive conditions. In this work, the effect of heat treatment on corrosion behavior and tensile strength was systematically analyzed for 2060 Al-Li alloy immersed in 3.5 wt% NaCl solution for different corrosion times. The results show that the corrosion depths of the 2060-T4 and 2060-T6 Al-Li alloys immersed for 720 h are 85 and 93 μm, respectively. The ultimate tensile strengths of 2060-T4 and 2060-T6 Al-Li alloys immersed for 720 h were reduced by 5.8 and 6.4%, respectively. Linear relationships between tensile strength and the corrosion depths of 2060-T4 and 2060-T6 Al-Li alloys were established as [image: image] and [image: image] respectively.
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INTRODUCTION
As a light metallic material, aluminum-lithium (Al-Li) alloy is a primary candidate for a wide range of applications in the aeronautic industry owing to its lower density, better strength, and higher stiffness compared to the conventionally commercial 2XXX and 7XXX series aluminum alloys (Nayan et al., 2017; Zheng et al., 2018; Zheng et al., 2021). However, the addition of Li can increase the corrosion sensitivity of the resultant alloy due to its reactive nature, which is problematic when the Al-Li alloy is exposed to corrosive environments (Jiang et al., 2020). The corrosion behaviors of Al-Li alloys are currently being widely investigated. And the results show that the corrosion behaviors of Al-Li alloys are greatly influenced by their heat treatment (Jiang et al., 2020; Chen et al., 2021; Kuang et al., 2021), precipitates (Zhu et al., 2020; Xu et al., 2022), surface abrasion (Liu et al., 2018), and corrosion environment (Qin et al., 2021; Jiang et al., 2022; Guérin et al., 2015).
The structural components of civil aircraft made of aluminum alloys have a significant impact on their safety (Jiang et al., 2020; Zhu et al., 2020; Kuang et al., 2021; Yin et al., 2022). Corrosion is one of the main damage forms of aircraft aluminum structures and is one of the main causes of aircraft faults and disasters. This is particularly the case in a long-term service in a coastal area enriched with plenty of salinity. The influence of corrosion on the mechanical properties, including tensile strength and fatigue performance, of aluminum structures is of considerable importance in the evaluation of the structural integrity of aircraft (Zhang et al., 2008). Holes, cracks and dents are the most common causes of tensile strength and fatigue life loss in the fuselage skin panels (Li et al., 2015a). The investigations on the corrosion of Al-Li alloys show that corrosion pits (holes on the surface) often form during the corrosion (Kuang et al., 2021; Zhu et al., 2020; Xu et al., 2022; Liu et al., 2018; Qin et al., 2021; Jiang et al., 2022; Guérin et al., 2015). Therefore, study on the relationship between corrosion pit and residual strength of Al-Li alloys is meaningful to extend their applications.
As a member of the third-generation Al-Li alloy, the 2060 alloy was invented by Alcoa in 2011. It was designed as a replacement, enabling prosperous applications in civil aircraft components conventionally made of commercial 2024 and 7,075 alloys (El-Aty et al., 2018). Which has been widely used to prepare the panels of civil aircraft at home and aboard and has been selected as the research object of this paper. The aim of this paper is to investigate the corrosion behavior and tensile strength of the third generation 2060 Al-Li alloys with different heat treatments, aiming to further promote their application in civil aircraft and marine engineering.
EXPERIMENTAL PROCEDURE AND MATERIALS
The main alloying elements in the as-received 2060-T8 Al-Li alloy sheet (2 mm in thickness) are Cu, Mn and Mg, respectively. And its detailed composition tested by ICP-AES is shown in Table 1.
TABLE 1 | The nominal and actual concentrations of chemical elements in 2060 alloy (in weight percent).
[image: Table 1]The 2060-T4 and 2060-T6 Al-Li alloys were prepared according to the previous work (Li et al., 2015b). At first, the as-received 2060-T8 Al-Li alloy was subjected to solution treatment (535 C, 30 min + water quenching) before aging treatment. Then the 2060-T6 Al-Li alloy was prepared by artificial aging treatment (165 C, 20 h). And the 2060-T4 Al-Li alloy was prepared by natural aging treatment (room temperature, 2 weeks) after solution treatment.
Square specimens with a side length of 10 mm were cut from the 2060-T6 and 2060-T4 Al-Li alloys. And then the specimens were cleaned by an ultrasonic cleaning machine. After that, all the specimens with T4 or T6 heat treatment were ground and polished with 2000 # and 3000 # SiC sandpaper successively. Finally, the specimens were cleaned by an ultrasonic cleaning machine, and the specimens were dried with cold air before the immersion test. The electro-chemical behavior of the 2060 Al-Li alloy was tested by a Gamry Interface 600 plus potentiostata installed with a standard cell system consisting of three types of electrodes, i.e., the counter (platinum), the reference (silver chloride), and the working (2060 alloy), respectively. A region with an area of 1 cm2 was exposed to a 3.5 wt% NaCl solution. Potentiodynamic polarization curves and electro-chemical impedance spectra were depicted for 2060-T4 and 2060-T6 alloys exposed for up to 720 h.
The tensile specimens were cut from the 2060 Al-Li alloy after T4 and T6 heat treatments along the rolling direction. The size of the tensile specimen was designed in accordance with ASTM E-8, and the detailed dimensions of the tensile specimen can be referred to in our previous work. The corrosion tests for the tensile specimens were repeated three times in the 3.5% NaCl solution refreshed every 7 days. The corrosion times for the corrosion test were designed to be 6, 24, 72, 168, 360, and 720 h, respectively. Subsequently, the tensile test was conducted on the Zwick/Roell Z050, and the strain rate was 5.556 × 10–4 s−1 in this work.
Corrosion products were removed from the surface of the sample according to the specification GB/T 16545-2015. In order to measure the corrosion depth of the corrosion pit, the same method as in Ref (Guérin et al., 2015; Liu et al., 2018). The corrosion depths of the samples immersed with different times were measured ten times, and the average value was recorded as the corrosion depth of the corresponding one. A scanning electron microscope (SEM, FEI Quanta-250) installed with an energy dispersive spectrum (EDS) apparatus was used to inspect the morphology of the corrosion on the corroded surface.
RESULTS AND DISCUSSION
Corrosion behavior of 2060-T4 and 2060-T6 Al-Li alloys
Corrosion potential is a parameter which can reflect the corrosion sensitivity of metallic materials under a liquid corrosive medium. In general, as the corrosion potential increases, the corrosion sensitivity of the metallic material decreases. The polarization curves of 2060-T4 and 2060-T6 Al-Li alloys in a 3.5 wt% NaCl solution are shown in Figure 1. It can be seen that obvious passivation behavior can be observed in the polarization curves of the 2060-T4 and 2060-T6 Al-Li alloys. Electrochemical parameters obtained by Tafel fitting of the polarization curve of the 2060-T4 and 2060-T6 Al-Li alloys are shown in Table 2. The results show that the corrosion potential of 2060-T4 Al-Li alloy is slightly higher than that of the 2060-T6 Al-Li alloy. This means that the 2060-T4 Al-Li alloy has a slightly lower corrosion sensitivity than that of the 2060-T6 Al-Li alloy. And the corrosion current density of the 2060-T6 Al-Li alloy is higher than that of the 2060-T4 Al-Li alloy. The result is consistent with the result of corrosion potential. It is worth mentioning that the corrosion potentials of 2099-T4 and 2199-T6 Al-Li alloys are −0.648 V and −0.700 V, respectively (Meng, 2016). And the corrosion potentials of 2195-T4 and 2195-T6 Al-Li alloys are -0.885 V and -0.895 V, respectively (Gu, 2019). It can be seen that the corrosion potential of 2060 Al-Li alloy (as shown in table.2) is higher than that of the AA2099 Al-Li alloy. These results indicate that the corrosion resistance of the third generation 2060 Al-Li alloy is remarkably improved compared with the previous Al-Li alloy.
[image: Figure 1]FIGURE 1 | Potentiodynamic polarization curves of the 2060-T4 and 2060-T6 Al-Li alloys.
TABLE 2 | Electrochemical parameters obtained by Tafel fitting of polarization curves of the 2060-T4 and 2060-T6 Al-Li alloys.
[image: Table 2]Electrochemical impedance spectroscopy (EIS) measurements were performed to evaluate the corrosion resistance performance of the 2060 alloys in 3.5 wt% NaCl solution. Figure 2 shows the electrochemical impedance spectroscopy of 2060-T6 and 2060-T4 Al-Li alloys in 3.5 wt% NaCl solution. The results show that the impedance radius of the 2060-T6 Al-Li alloy is smaller than that of the 2060-T4 Al-Li alloy, which indicates that the corrosion resistance of the 2060-T4 Al-Li alloy is better than that of the 2060-T6 Al-Li alloy. Therefore, the results of electrochemical impedance spectroscopy are consistent with the results of potentiodynamic polarization curve. On the other hand, there are two capacitive reactance arcs in both of the 2060-T4 and 2060-T6 Al-Li alloys, which means that there are two-time constants during the corrosion of the 2060-T4 and 2060-T6 Al-Li alloys in 3.5 wt% NaCl solution. Thus, the equivalent circuit of the 2060-T4 and 2060-T6 Al-Li alloys immersed in 3.5 wt% NaCl solution is shown in Figure 3. Where Rs denotes the solution resistance. Rct denotes the charge transfer resistance. CPEf denotes a constant phase element between the solution and the passivation film. CPEct denotes a constant phase element between the solution and the electrode. And the electrochemical impedance spectroscopy parameters of 2060-T4 and 2060-T6 Al-Li alloys immersed in the 3.5% NaCl solution for different times are fitted based on the suggested equivalent circuit and listed in Table 3. It can be seen that the Rct values of 2060-T4 and 2060-T6 Al-Li alloys are 34120 Ω cm2 and 13440 Ω cm2, indicating that the corrosion resistance of 2060-T4 Al-Li alloy is better than that of the 2060-T6 Al-Li alloy, which is consistent with the results of the electrochemical impedance spectroscopy.
[image: Figure 2]FIGURE 2 | EIS plots of two 2060 Al-Li alloys, (A) Nyquist plots, (B) Bode impedance magnitude plots, (C) Bode phase angle plots.
[image: Figure 3]FIGURE 3 | The equivalent electrical circuit.
TABLE 3 | Equivalent electrical circuit parameter fitting value of three heat-treated state 2060 Al-Li alloy samples in 3.5 wt% NaCl solution.
[image: Table 3]Figure 4 shows the morphology of corrosion products on the surface of the 2060-T4 Al-Li alloy immersed in the 3.5 wt% NaCl solution for 0, 6, 24, 72, 168, and 720 h, respectively. No obvious corrosion products are observed as the immersion time was less than 24 h, and corrosion products begin to appear on the surface of the 2060-T4 Al-Li alloy. The surface of the 2060-T4 Al-Li alloy is completely covered by corrosion products as the immersion time is more than 72 h. The previous investigations on corrosion of Al-Li alloys in the NaCl solution showed that the corrosion product was mainly composed of Al, Cl, and O elements, and it has been identified that the corrosion product was Al(OH)xCl3-x (Zheng et al., 2022). Figure 5 shows the corrosion morphology of the 2060-T4 Al-Li alloy after removing the corrosion products. It can be seen that some small corrosion pits are formed on the local surface of the 2060-T4 Al-Li alloy as the immersion time exceeds 6 h, and uniform corrosion pits are observed on the surface of the 2060-T4 Al-Li alloy as the immersion time exceeds 168 h. The size of corrosion pits of the 2060-T4 Al-Li alloy increases with an increase of immersion time.
[image: Figure 4]FIGURE 4 | Corrosion products of 2060-T4 Al-Li alloy samples with different immersion time, (A) 0 h, (B) 6 h, (C) 24 h, (D) 72 h, (E) 168 h, (F) 720 h.
[image: Figure 5]FIGURE 5 | Corrosion morphology of 2060-T4 Al-Li alloy with different immersion time after removing corrosion products, (A) 6 h, (B) 24 h, (C) 72 h, (D) 168 h, (E) 720 h.
Figure 6 shows the morphology of corrosion products on the surface of the 2060-T6 Al-Li alloy after being immersed in the 3.5 wt% NaCl solution for 0, 6, 24, 72, 168, and 720 h, respectively. It can be seen that corrosion products of 2060-T6 Al-Li alloy begin to appear as the immersion time exceeds 6 h, which is much shorter than that of 2060-T4 Al-Li alloy (24 h). This result indicates that the corrosion resistance of the 2060-T4 Al-Li alloy is better than that of the 2060-T6 Al-Li alloy. The surface of the 2060-T6 Al-Li alloy is completely covered by corrosion products as the immersion time exceeds 72 h. Figure 7 shows the corrosion morphology of the surface of the 2060-T6 Al-Li alloy after removing the corrosion products. It can be seen that the distribution of corrosion pits on the surface of the 2060-T6 Al-Li alloy is relatively concentrated, while the distribution of corrosion pits on the surface of 2060-T4 Al-Li alloy is relatively uniform (as shown in Figure 4).
[image: Figure 6]FIGURE 6 | Corrosion product of 2060-T6 Al-Li alloy samples with different immersion time, (A) 0 h, (B) 6 h, (C) 24 h, (D) 72 h, (E) 168 h, (F) 720 h.
[image: Figure 7]FIGURE 7 | Corrosion morphology of 2060-T6 Al-Li alloy with different immersion time after removing corrosion products, (A) 6 h, (B) 24 h, (C) 72 h, (D) 168 h, (E) 720 h.
Tensile strength of 2060-T4 and T6 Al-Li alloys
The residual tensile strength of light-weight Al-Li alloy subjected to corrosion is the key to damage tolerance of the alloy designed for aircraft applications (Alexopoulos et al., 2016; Charalampidou et al., 2021). And it is close related to the heat treatment. Consequently, it is worthwhile to investigate the effect of corrosion on the tensile strength of 2060 Al-Li alloy with different heat treatments. The relationship of the 2060-T4 Al-Li alloy between the tensile strength and immersion time is shown in Figure 8. It can be seen that the strength of the 2060-T4 Al-Li alloy, including yield strength and ultimate tensile strength, decreases with an increase of immersion time, and it can be divided into two different stages. First, the mechanical properties of the 2060-T4 Al-Li alloy decrease rapidly as the immersion time is less than 360 h. Second, the mechanical properties of the 2060-T4 Al-Li alloy decrease gently as the immersion time exceeds 360 h. In detail, the ultimate tensile strength decreases from 485 to 457 MPa, and the corresponding decrease rate is 5.8%. The change trends of tensile strength and yield strength of 2060-T4 Al-Li alloy with immersion time is fitted according to Figure 8. The corresponding relationships can be expressed as (Eqs. 1, 2), respectively.
[image: image]
[image: image]
[image: Figure 8]FIGURE 8 | The trend of mechanical properties of 2060-T4 Al-Li alloy with immersion time and its fitting curve, (A) tensile strength, (B) yield strength.
The change trends of tensile strength and yield strength of 2060-T6 Al-Li alloy with immersion time is fitted according to Figure 9. It can be seen that the change trend of the 2060-T6 Al-Li alloy is almost the same as that of the 2060-T4 Al-Li alloy. However, the rates of decrease in ultimate tensile strength and yield strength are 6.4 and 10.8%, respectively. Which are slightly higher than that of the 2060-T4 Al-Li alloy. The relationships between ultimate tensile strength (yield strength) and immersion time can be expressed as Eqs. 3, 4, respectively.
[image: image]
[image: image]
[image: Figure 9]FIGURE 9 | The trend of mechanical properties of 2060-T6 Al-Li alloy with immersion time and its fitting curve, (A) tensile strength, (B) yield strength.
Correlation between tensile strength and pit size
The size of the corrosion pit is an important index to characterize the severity of corrosion. Figure 10 shows the corrosion depth of the 2060-T4 Al-Li alloy after immersion in 3.5 wt% NaCl solution for 0, 6, 24, 72, 168, 360, and 720 h, respectively. The results show that the corrosion depth of the 2060-T4 Al-Li alloy increases rapidly as the immersion time is less than 360 h While the corrosion depth of the 2060-T4 Al-Li alloy remains nearly stable as the immersion time exceeds 360 h. The maximum corrosion depth of the 2060-T4 Al-Li alloy is about 85 μm as the immersion time is 720 h. The result is consistent with the variation trend of tensile strength. It indicates that the tensile strength of the 2060-T4 Al-Li alloy is closely related to the corrosion depth. The correlation between the corrosion depth and the tensile strength of the 2060-T4 Al-Li alloy is shown in Figure 10. It can be seen that the tensile strength of the 2060-T4 Al-Li alloy decreases linearly with an increase of corrosion depth. The relationships between tensile strength (ultimate tensile strength) and corrosion depth can be expressed as Eq. 5.
[image: image]
where, [image: image] is tensile strength, [image: image] is the corrosion depth of 2060-T4 Al-Li alloy.
[image: Figure 10]FIGURE 10 | Correlation between corrosion depth and tensile strength of 2060-T4 Al-Li alloy immersed for 6, 24, 72, 168, 360 and 720 h in 3.5wt% NaCl solution. (A) Corrosion depth vs immersion time, (B) ultimate tensile strength vs corrosion depth.
Figure 11 shows the corrosion depth of the 2060-T6 Al-Li alloy after immersion in 3.5 wt% NaCl solution for 0, 6, 24, 72, 168, 360 and 720 h, respectively. No obvious difference is observed in the variation trend of corrosion depth with immersion time between the 2060-T6 Al-Li alloy and the 2060-T4 Al-Li alloy. However, the maximum corrosion depth of the 2060-T6 Al-Li alloy is about 93 μm as the immersion time is 720 h, which is slightly higher than that of the 2060-T4 Al-Li alloy. The correlation between the corrosion depth and the tensile strength of the 2060-T6 Al-Li alloy is shown in Figure 11. It can be seen that the tensile strength of the 2060-T6 Al-Li alloy also decreases linearly with an increase of the corrosion depth. The relationships between tensile strength (ultimate tensile strength) of the 2060-T6 Al-Li alloy and the corrosion depth can be expressed as Eq. 6.
[image: image]
[image: Figure 11]FIGURE 11 | Correlation between corrosion depth and tensile strength of 2060-T6 Al-Li alloy immersed for 6, 24, 72, 168, 360 and 720 h in 3.5wt% NaCl solution. (A) Corrosion depth vs immersion time, (B) ultimate tensile strength vs corrosion depth.
CONCLUSION
The effect of heat treatment on the corrosion behavior and tensile strength was studied for 2060-T4 and 2060-T6 Al-Li alloys immersed in 3.5 wt% NaCl solution for different corrosion times. The main conclusions can be drawn as follows.
1) The ultimate tensile strengths of the 2060-T4 and 2060-T6 Al-Li alloys were reduced by 5.8 and 6.4% as the immersion time is 720 h.
2) The eletro-chemical behaviors of 2060-T4 and 2060-T6 Al-Li alloys indicate the corrosion products were formed gradually, which can prevent the 2060 Al-Li alloy from corrosion. And the corrosion resistance of 2060-T4 Al-Li alloy is better than that of 2060-T6 Al-Li alloy.
3) Linear relationships between tensile strength and the corrosion depths of 2060-T4 and 2060-T6 Al-Li alloys were established as [image: image] and [image: image], respectively.
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