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Summary

The 2024-T351 aluminium alloy is widely used in aircraft industry especially for skin and wings due to its high-strength to weight ratio. During their service life, these structural parts can be submitted to different sources of damage as fatigue, corrosion and / or microstructural evolutions. In this work, fatigue was not considered. To be closer to these real conditions, sample were exposed cyclically to corrosive media to simulate the alternation of flying and parking period to which aircraft structure can be submitted. A previous study showed that these cyclic exposure conditions led to enhanced corrosion damage and to a more important decrease of mechanical properties than the ones measured after continuous immersion tests [START_REF] Larignon | Evaluation of the local chloride concentration and the local mechanical stresses in intergranular damages grown on a 2024 aluminium alloy[END_REF][START_REF] Larignon | Corrosion damages induced by cyclic exposure of 2024 aluminium alloy in chloride containing environments[END_REF]. As both microstructural evolution and corrosion processes can affect simultaneously aircraft structural pieces, the present study was focused on microstructural evolution that can occur during their service life and on the impact of these evolutions on the corrosion behaviour of the AA2024. To simulate the potential evolution of microstructure, heat treatments at 150 °C were performed on an AA2024-T351 during 27 h, 55 h and 177 h. The microstructure of the artificially-aged material was characterized using optical microscopy, scanning electron microscopy and transmission electron microscopy. The evolution of mechanical properties was also followed according to the duration of heat treatment. Following these heat treatments, the corrosion behaviour of the alloy under cyclic exposure conditions was characterized. A statistical analysis of the intergranular corrosion damage was conducted by the systematic observation of more than 400 grain boundaries. Further, the residual mechanical properties of the heat treated and corroded material were estimated. The results obtained gave information about the potential degradations that can occur in an aeronautic structural part induced by microstructural ageing and / or corrosion and especially about the interactions between these two kinds of damage. It appeared that the susceptibility to localized corrosion was strongly affected by both artificial ageing and the exposure conditions.

Introduction

Microstructures of aluminum alloy of the 2xxx series, and especially on the 2024, are well described for different tempers, but only a few papers are about the potential evolution of microstructure during the service life of aeronautic structural parts. Posada et al studied the parts of an aircraft fuselage end of life. They show that the microstructural changes are difficult to identify because only small changes in chemical composition of precipitates are measured relative to the starting condition T351 [START_REF] Posada | Exfoliation and related microstructures in 2024 aluminum body skins on aging aircraft[END_REF].

Alexopoulos simulates microstructural aging by conducting various heat treatments on a AA2024 -T351 [START_REF]On the corrosion-induced mechanical degradation for different artificial aging conditions of 2024 aluminum alloy[END_REF]. The maximum hardening is obtained after the treatment at 210 ° C during 2 hours; heat treatment longer corresponds to different states over aging. For these treatments, the maximum stress and the yield decreased slightly and the elongation at break tends to grow. The increase in yield strength between the metallurgical states would be due to the precipitation hardening phase S. Income after the peak, no new precipitate would be created, only one is active coalescence resulting precipitates larger but fewer in number.

The same observations can be made about corrosion: the literature is full of papers dealing with the susceptibility of the AA2024-T351 to localised corrosion but most of them concern exposure conditions, i.e., continuous immersions or salt spray tests, which are not fully representative of real exposure conditions. Previous studies showed that cyclic corrosion tests lead enhanced corrosion damage compared to continuous immersion tests with residual mechanical properties of corroded samples significantly lower for cyclic tests [START_REF] Larignon | Evaluation of the local chloride concentration and the local mechanical stresses in intergranular damages grown on a 2024 aluminium alloy[END_REF][START_REF] Larignon | Corrosion damages induced by cyclic exposure of 2024 aluminium alloy in chloride containing environments[END_REF]. Two types of cyclic corrosion tests were developped: A cyclic room (CR) and a cyclic freezing (CR) corrosion test consisted respectively of three cycles of 24 h; each cycle was composed of an 8-h immersion in the electrolyte followed by a 16 h air exposure period at the temperature of the laboratory room i.e., 22 °C or at -20 °C. The corrosion defect morphology was significantly different depending on the exposure conditions and, in particular, on the temperature during the air exposure periods for cyclic tests. For CR samples, the propagation of corrosion defects depends rapidly on local chemical conditions. For CF samples, the exposition to low temperatures led to a defective oxide film on the sample surface and stronger initiation for intergranular corrosion due to the mechanical stresses generated by frozen corrosion products on the corrosion defects walls. The research reported in present paper presents the corrosion behavior of AA2024 after aging heat treatments simulating microstructural aging that may occur on airplane parts during their commissioning.

Experimental setup

The premise of this study is that the life of a plane can estimate to be 100,000 flight hours. During each flight, local heating can be observed due to friction between the structure and the air, the proximity of hot parts like reactor or by a long-term parking of the plane on tarmac. The maximum temperature at which could be exposed some of these pieces of aluminum alloy structure is about 80 °C.

Thus the objective of this study is to evaluate the microstructural changes that may occur in service aerospace structures, under the most damaging corresponding to 100,000 flight hours at 80 °C. Given the time available for this study, it has not been possible to achieve very long aging treatment at 80 °C. An aging temperature, as low as possible, has been chosen while allowing, for the time-temperature equivalence, to simulate the aging possible in a time considered reasonable. A temperature of higher heat treatment was therefore chosen. Moreover, in order to complete this study and better understand the microstructural evolution, the time durations of treatment simulating exposure to 80 °C above 100,000 hours were also provided. It was shown in the literature, that the microstructural evolution of the aluminum alloy 2024 is mainly related to the precipitation of copper-rich particles. Thus, determination of time-temperature equivalence is based on the diffusion coefficient of copper AA2024. From equation 1, treatment times equivalent to 100,000 h at 80°C were calculated for different temperatures between 100°C and 150°C. Only selected times for the study are presented in Table 1.

t 2 = t 1 e (Q/RT 2 -Q/RT 1 )
eq. 1 ti is the processing time corresponding to the temperature Ti. Q is the activation energy equal to 133 kJ / mol [START_REF] Khan | Microstructure and strength modelling of AlCuMg alloys during non-isothermal treatments: Part 1 Controlled heating and cooling[END_REF]. To simulate microstructural evolution on long time above 100,000 hours, the temperature of 150 °C was chosen. The evolution of the microstructure of alloys based on thermal aging treatments was analyzed by optical microscopy, scanning electron microscopy (SEM-FEG 7000F) and transmission electron microscopy (JEOL JEM 2010). The corrosion tests were performed in a NaCl medium, 1 M at 22°C on the test cubes or tensile test specimens [START_REF] Larignon | Evaluation of the local chloride concentration and the local mechanical stresses in intergranular damages grown on a 2024 aluminium alloy[END_REF]. The test cubes were used to examine statistically the morphology of corrosion defects. The tensile specimens were used to determine the residual mechanical properties after corrosion. The NaCl medium was chosen because the ions Cl -are among the most aggressive to which an aircraft may be exposed. Four exposure conditions were chosen: two corrosion tests with immersion / emersion two alternating and two continuous immersion tests of duration 24 h and 72 h.

Results

Microstructural evolution

No microstructural changes could be detected by optical microscopy or scanning electron microscopy. The size and shape of grains and that of coarse precipitates do not change during thermal aging. Move only state of precipitation were detected by TEM analysis. The state of precipitation differs between the sample 2024 -T351 and the sample aged 177 hours at 150°C. The density of intragranular and intergranular precipitates increases consistently after aging as supported by TEM observations in Figure 1. The precipitation is characterized by intragranular precipitates AlCuMg globular and elongated precipitates AlCuMnFe and a thin needle-like precipitation AlCuMg (S ' phase). Depletion of solute in the matrix after a long aging (177h -150 °C) was recorded. The intergranular precipitation is continuous at the grain boundary (AlCuMn-FeSi and AlCuMg) with the existence of PFZ after long aging.These metallurgical states and especially the changes of precipitation are accompanied by a hardening of the alloy (UTS steady and increase of YS) and a decrease of the elongation at rupture scored after 80 h treatment at 150 ° C.

Corrosion behavior

OCP evolution

The measurement of the open circuit potential was carried out according to the duration of the aging treatment at 150 ° C. Results are presented in Figure 2. The open circuit potential decreases after aging at 150°C and this especially as the treatment time is longer. 

cyclic exposure conditions

The morphology of corrosion damage changes for samples aged 55 h or 177 h. the raw samples and aged for 27 hours show the intergranular corrosion mainly while the samples aged beyond 55 hours samples are of intragranular and intergranular corrosion. The intergranular corrosion damage decreases after aging. Indeed, the density decreases corroded joints whatever the exposure mode after thermal aging and this especially as the aging time is important (Figure 3). It appears that the changes described previously induce microstructural changes in the spatial distribution or the proportion of anodic and cathodic areas. The average depth of corrosion defects has been decreasing after an aging treatment for several hours except for the exposure mode FC. On the maximum depth and the ratio total length / length observed, a distinction should be treated samples at 150°C for 27 h in those treated for 55 h and 177 h. This suggests that the aged samples at long times less sensitive to the initiation of intergranular corrosion defects. These changes are explained by the microstructural changes and particularly a decrease in potential difference between the matrix and grain boundaries. The microstructures generated by the aging heat treatments have minimal influence on the dimensional changes of the defects at shows CF. This can be explained by the fact that the damage mechanisms in CF tests involve electrochemical and also mechanical phenomena.

The mechanical properties of AA2024 alloy after corrosion tests are lower regardless of the aging treatments performed. However the decrease in mechanical properties after corrosion depends on the duration of aging treatment. The residual mechanical properties of specimens aged 27 h at 150°C are almost identical to those of T351 specimen after testing 24 hours continuous immersion or better after 72 h immersion. Damage to specimens aged 27 hours after cycling is more important but still lower than non-aged specimens. Damage to specimens aged 55 h at 150°C is more important than damage to the specimens aged 27 h. This result contradicts the results of statistical analysis. However, given that the aging treatment 55 h at 150°C decreases the kinetics of initiation, the low number of defects identified can induce dispersions in statistical analysis.

The behavior of the specimens aged 177 h at 150°C differ from the behavior of other specimens. The decrease of the maximum stress is very low after corrosion tests which is consistent with the decrease in the number of joints corroded and depth combined. Moreover, the ductility decreases after alternate immersion test but remains higher than that of untreated specimens. 

Conclusion

Artificial aging treatment at 150°C, simulating the microstructural changes that occur at the 100,000 flight hours with a piece of aircraft structure, has been made. Coupling microstructural aging and corrosion was studied and its influence on mechanical properties of 2024 alloy evaluated, aircraft structural parts being submitted simultaneously to both phenomena. Corrosion tests for continuous immersion and cycling tests have been carried out on samples of aluminum alloy 2024-T351 artificially aged. The microstructural evolution induced by heat treatments alters the morphology of corrosion defects and the kinetics of initiation and propagation of intergranular corrosion defects compared to 2024-T351 sample. In this sense, they also alter the residual mechanical properties of corroded and aged material compared to what is observed on a non-aged and corroded. However, the impact of aging on microstructural residual mechanical properties of corroded material varies with the conditions of exposure to aggressive environments. Indeed, for cycling tests with emersion at low temperature, aging microstructural influences on the more limited sensitivity to corrosion of the material because, for these conditions exposure, the electrochemical propagation is not the only mechanism to consider.
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 1 Figure 1: intragranular et intergranular precipitation of the alloy 2024 (a) T351 and (b) heat treated at 150°C -177 h.

Figure 2 :

 2 Figure 2: evolution of the OCP depending on the duration of heat treatment at 150 ° C.

Figure 3 :

 3 Figure 3: Evolution as a function of the duration of the aging heat treatment and exposure conditions corrosive environment (a) the average depth of intergranular corrosion defects, (b) the rate of grain boundary corrosion, (c) depth maximum defect intergranular corrosion and (d) the total length of grain boundary corrosion relative to the observed length.

Figure 4 :

 4 Figure 4: Residual mechanical properties measured on samples that have been exposed to a corrosive environment under different conditions. Alloy 2024-T351 treated heated for (a) 0 hour (b) 27 hours, (c) 55 hours and (d) 177 hours.

  1 , E. Andrieu 1 , J. Alexis 2 , G. Odemer 1 and C. Blanc1 

	1 Université de Toulouse, CIRIMAT UPS/CNRS/INPT, 4 allée Emile Monso, 31030
	Toulouse cedex 04, France
	2 Université de Toulouse, LGP, ENIT, 47 av. d'Azereix, 65016 Tarbes Cedex, France

Table 1 :

 1 Equivalence between the different heat treatments carried out during this study simulated real aging.

	« Real » ageing at 80 °C (h)	Equivalent heat treatment at 150	°C
	50000	27 hours at 150	°C
	100000	55 hours at 150	°C
	317000	177 hours at 150	°C
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