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Empirical Propagation Laws of Intergranular Corrosion Defects Affecting 2024 T351 Alloy in Chloride Solutions

In the present work, a first attempt was made to determine propagation laws of intergranular corrosion defects for Al 2024 T351 in various NaCl solutions as a first step for future predictive modeling of 2024 alloy. In a first step, the effect of chloride concentration on the susceptibility to intergranular corrosion of 2024 alloy was studied using current-potential curves. In a second step, conventional immersion tests were performed in chloride-containing solutions and statistical analysis was carried out to determine the depth of the intergranular corrosion defects, depending on the chloride concentration and on the immersion time. The results were compared to those obtained by measuring the load to failure of precorroded tensile specimens versus preimmersion time in a chloride solution. The latter method was selected to measure the depth of the intergranular defects even though results showed that it was not possible to use it for chloride concentrations higher than 3 M and immersion times longer than 1200 h, considering the chloride concentrations and the durations of immersion studied in this work. Thus, empirical propagation laws are proposed for chloride contents as high as 3 M and immersion times as long as 1200 h.

Due to its high-strength/weight ratio, interesting mechanical properties, and corrosion resistance, 2024 T351 aluminum alloy is widely used in the aeronautic industry. Nevertheless, the structural integrity of aging aircraft structures can be affected by corrosion such as pitting corrosion, intergranular corrosion ͑IGC͒, exfoliation, and stress corrosion cracking. [1][2][3][4][5][6][7] As the time-in-service of an aircraft increases, there is a growing probability that corrosion will interact with other forms of damage, such as single fatigue cracks or multiple-site damage. The aging aircraft may accumulate corrosion damage over service life, and its residual strength depends on possible degradation stemming from corrosion-induced embrittling mechanisms.

Currently, zero corrosion damage is demanded; this means that all the corrosion damage detected is repaired, which implies high maintenance costs. To reduce these costs, one solution consists in being able to determine a critical length of a corrosion defect for which maintenance is necessary. This implies that corrosion defect kinetics are precisely known to lead to predictive propagation models.

Many authors have determined the kinetics of IGC damage growth using different methods. Zhang and Frankel used the foil penetration technique to measure the time for the fastest growing localized corrosion site to penetrate foils of various thicknesses. 8,9 They highlighted different kinetics of damage considering the direction of growth as a consequence of the microstructural anisotropy, e.g., slower kinetics in the short transverse ͑ST͒ direction. Moreover, they enriched this study with the development of a statistical model to predict the anisotropy of IGC kinetics and the effects of microstructure. 10 To determine the kinetics of sharp IGC cracks in AA7178, Huang and Frankel developed an approach based on sectioning and visual observations. 11 Their method provides not only the growth rate of long sharp IGC cracks but also the rates of the fastest growing sites.

The above methods do have their limitations. For example, sectioning does not take into account the three-dimensional morphology of the damage or the random nature of intergranular corrosion defect propagation. Furthermore, there is no identification of the parameter responsible for most damage: the fastest growing defect or the average depth of all growing defects.

The aim of this paper is to propose empirical propagation laws of intergranular corrosion defects in 2024 alloy in chloride solutions for different chloride concentrations. This can be done if the depth of the intergranular defects can be accurately measured over a wide concentration range and for sufficiently long immersion times. In a previous study, characterization of pitting corrosion and IGC of 2024 T351 aluminum alloy in 1 and 3 M chloride media was performed. 12 The mean depth of the intergranular corrosion defects was first determined using conventional immersion tests. These tests involved immersing the samples in corrosive solutions, followed by sectioning and observation of the samples using optical microscopy. This method was found to be time consuming and led to a lack of reproducibility due to the random nature of the corrosion occurring. Thus, another method was considered. 12 It consisted of measuring the load to failure on precorroded tensile specimens in comparison to the load to failure of noncorroded samples. The load was more relevant than the stress since the tensile specimens were not considered as volume elements of continuum mechanics but as damaged structural elements. Experimental results showed that for chloride concentrations of 1 and 3 M and for immersion times no longer than 168 h, the intergranular corrosion defects were distributed sufficiently homogeneously for the propagation of intergranular corrosion to be considered as the growth of the thickness of the nonbearing zone along the whole length of the tensile specimens. As a consequence of this type of approach, it was assumed that the stress to failure fail ͑ultimate stress͒ was a constant characteristic of the material; the thickness of the corroded zone, called x͑t͒, where t was the time of preimmersion in chloride solutions, was then calculated using the following equation:

x͑t͒ = ͓1 -͑L fail ͑t͒/L fail ͔͒ . ͑a/2͒ ͓ 1͔
where L fail was the maximum load to failure of an uncorroded specimen, L fail ͑t͒ was the maximum load to failure measured for a precorroded specimen ͑t = immersion time͒, and a was the width of the tensile specimens in the bearing zone. Comparison of the x͑t͒ values obtained from mechanical tests with experimental results from conventional immersion tests showed that there was good agreement between x͑t͒ values and the mean depth of intergranular corrosion defects. Therefore, this method, called T 2 C ͑tensile test for corro-sion͒, which involved measuring the decrease of the mechanical properties on precorroded samples, allowed the mean depth of the corrosion defects to be easily determined. However, results were obtained only for NaCl concentrations equal to 1 and 3 M and for immersion times no longer than 168 h. In this paper, the same procedure was considered in chloridecontaining solutions over a concentration range from 0.5 to 5 M and for immersion times of up to 3000 h. The morphology of the intergranular corrosion was studied by coupling electrochemical tests z E-mail: christine.blanc@ensiacet.fr and observations using optical microscopy to determine the chloride concentration range and the immersion time range for which the T 2 C method is reliable, taking into account the distribution of the intergranular corrosion defects. Results were used to evaluate propagation kinetics of intergranular corrosion defects.

Experimental

Material.-A 50 mm thick rolled 2024 T351 plate was supplied by EADS IW. Its composition is given in Table I. Treatment T351 consists of a heat-treatment at 495°C ͑ Ϯ 5°C͒, water quenching, straining, and tempering at room temperature for 4 days.

Figure 1 shows an optical microscope observation of the elongated grain structure of the 2024T351 rolled plate under polarized light. Before observation, the sample was mechanically polished with up to 4000 grit SiC papers and up to 1 m with diamond paste on the three characteristic planes and then etched. Electrochemical etching was conducted with HBF 4 ͑3.5 vol. %͒ in distilled water for 80 s ͑twice 40 s͒ under 20 V at room temperature. The average grain sizes in the longitudinal ͑L͒, long transverse ͑LT͒, and short transverse ͑ST͒ directions were 700, 300, and 100 m, respectively. In addition, a combination of optical microscopy, scanning electron microscopy ͑SEM͒, and transmission electron microscopy observations revealed a multiphase microstructure in the 2024 T351 aluminum alloy consisting in ͑i͒ precipitates of second-phase Al 2 CuMg particles ͑S phase particles͒ ͑ii͒ Al-Cu-Mn-Fe particles ͑iii͒ dispersoids ͑Al 20 Mn 3 Cu͒ in the matrix, and ͑iv͒ Al 2 CuMg particles on grain boundaries. These observations present fair agreement with the results found in the literature. 13 Current-potential curves.-Potentiokinetic polarization tests were performed using a conventional three-electrode cell at room temperature in aerated NaCl solutions for different chloride concentrations, i.e., 0.5, 1, 3, and 5 M. The 1 M concentration corresponds to a common chloride content for intergranular corrosion tests. A 5 M chloride solution was studied to reproduce the chemical conditions obtained after immersion-emersion cycling which regularly happens during the service life of an aircraft. A saturated calomel electrode ͑SCE͒ was used as a reference electrode and a platinum network as an auxiliary electrode. Potentiokinetic polarization experiments were conducted from the cathodic potential of -900 to the highest potential of -400 mV/SCE at a scan rate of 500 mV h -1 . The exposed surface of the working electrode ͑2024 aluminum alloy sample͒ corresponds to the LT-ST plane. At least three currentpotential curves were plotted for each experimental condition to check the reproducibility of the measurements. In the manuscript, representative curves are given.

Intergranular corrosion tests.-Two types of sample geometries were considered: cubic samples ͑10 ϫ 10 ϫ 10 mm͒ used for conventional immersion tests and flat tensile specimens for mechanical tests. Before corrosion tests, both types of samples were degreased in ethanol, then mechanically polished with up to 4000 grit SiC paper in water, followed by ultrasonic cleaning in ethanol and air drying. The detailed description of the two types of samples and the surface preparation before corrosion tests has been given in a previous paper. 12 Both types of samples were then exposed to aerated NaCl solutions at four different concentrations ͑0.5, 1, 3, and 5 M NaCl͒. The solution was maintained at room temperature ͑25 Ϯ 2͒°C in a water bath. Exposure time varied from 12 to 3000 h. After exposure, cubic samples were sectioned perpendicularly to the corroded faces ͑LT-ST plane͒ to be observed by optical microscopy. To take into account the random nature of the corrosion processes which is a well-known feature, all the intergranular defects propagating in the rolling direction were counted and their depths measured. 12 For each experimental condition, at least four sections ͑L-ST plane͒ were observed which corresponded to a minimum of 4 cm of material analyzed in the ST direction with defects about 100 m long for a mean value, i.e., a minimum of 4 mm 2 analyzed. Furthermore, SEM observations of several samples were performed to check that optical microscopy was powerful enough to accurately detect the intergranular defects and to measure their depth. The results were then analyzed statistically. A preliminary study was performed to determine the best method to calculate the mean depth. Results showed that the mean depth had to be calculated by taking into account the logarithm of the individual values.

Tensile tests.-Uncorroded tensile samples were tested to establish the reference curve using a 30 kN Instron 3367 machine. After exposure to chloride solutions, the corroded tensile specimens were subjected to mechanical testing using the same test parameters. The tensile tests were carried out with an imposed displacement rate of 22 ϫ 10 -3 mm s -1 with a gage length of 22 mm corresponding to a strain rate of 10 -3 s -1 . The tests were pursued up to the failure of the tensile specimens stressed along the ST direction. Elongation ͑per-cent͒ was calculated from the ratio between the relative displacement and the initial gage length.

Results and Discussion

Determination of the application range of the T 2 C procedure.-Preliminary electrochemical tests.-Figure 2a presents potentiokinetic polarization curves for 2024 T351 aluminum alloy in 0.5, 1, 3, and 5 M NaCl solutions. For 0.5 and 1 M chloride concentrations, the curves exhibit only one breakdown potential corresponding to the corrosion potential, followed by a sharp increase of the anodic current density which can be related to corrosion phenomena. Optical observations of the electrode after electrochemical tests at chloride concentrations of 0.5 and 1 M showed that this breakdown potential was associated to localized corrosion on 2024 aluminum alloy: pitting and intergranular corrosions were observed at the end of the electrochemical tests ͑Fig. 3a and b͒. The initiation potentials for pitting and intergranular corrosions were different but it was not possible to observe this feature with these current-potential curves. Independent of chloride concentration, a well-defined plateau corresponding to oxygen reduction was observed in the cathodic range. The cathodic current densities ͑in absolute values͒ decreased as the chloride concentration increased from 6 ϫ 10 -5 to 1 ϫ 10 -5 A cm -2 for 0.5 and 5 M chloride solutions, respectively. A close-up of the cathodic part of the curves is given for clarity ͑Fig. 2b͒. This result can be easily explained taking into account the decrease of the oxygen solubility with the increase of chloride concentration as reported by Millero et al. 14 These authors showed that oxygen solubility in chloride solutions was equal to 223, 195, 110, and 77 mol ͑kg H 2 O͒ -1 for chloride contents of 0.5, 1, 3, and 5 M, respectively; it can be seen that the ratio between the oxygen content in chloride solutions and various chloride concentrations was well-correlated to the ratio between the cathodic current densities measured on the oxygen reduction plateau for the corresponding solutions.

The decrease of the cathodic current densities when the chloride concentration increased could partially explain the shift of the corrosion potential toward more cathodic values; the corrosion potential was actually shifted from -0.6 to -0.88 V/SCE for 0.5 and 5 M chloride solutions, respectively. Moreover, this could also partially explain that the general shape of the current-potential curves was significantly modified since two breakdown potentials were observed for 3 and 5 M chloride solutions. Figure 2c shows a close-up of the two breakdown potentials observed on the current-potential curves. The first breakdown potential corresponded to the corrosion potential as for 0.5 and 1 M NaCl solutions. The second breakdown potential, corresponding to the highest anodic potentials, is not as well-defined as the corrosion potential ͑first breakdown potential͒ and is preceded by a short plateau with anodic current densities too high to be attributed to passivity. Optical observations of the electrode after the electrochemical tests revealed pitting and intergranular corrosions ͑Fig. 3c and d͒. Optical observations of the electrode surface for an interrupted test at -0.78 V/SCE ͑between the two breakdown potentials͒ in a 5 M chloride solution exhibited only pitting corrosion, except intermetallic particle dissolution ͑Fig. 3e͒. Therefore, for 3 and 5 M chloride solutions, the first breakdown potential ͑corrosion potential͒ was thus attributed to pitting corrosion while the more anodic was related to intergranular corrosion. Of course, the first breakdown potential ͑corrosion potential͒ also took into account an anodic contribution corresponding to intermetallic particle dissolution, but it was not possible to differentiate the two phenomena. 13 Moreover, comparison of the curves plotted for 3 and 5 M chloride solutions showed that the second breakdown potential, i.e., the potential corresponding to initiation of intergranular corrosion damage, was shifted toward more cathodic potentials for a chloride content of 5 M ͑Fig. 2c͒. This was attributed to the aggression of chloride ions toward 2024 aluminum alloy. By analogy, it was assumed that the potential corresponding to pitting initiation was also shifted toward more cathodic values as chloride concentration increased. 15,[START_REF] Dabosi | Corrosion Localisée, Les Editions de Physique[END_REF] The influence of chloride content on the susceptibility of the 2024 aluminum alloy to localized corrosion contributed to explain the shift of the corrosion potential toward more cathodic values when the chloride concentrations increased. To sum up the effect of the chloride content, Fig. 4 presents a schematic view of the potentiokinetic polarization curves for low and high chloride contents. It is important to recall here that the currentpotential curves described previously result from the addition of cathodic currents ͑elementary cathodic curve͒ and anodic currents ͑elementary anodic curve͒ and, depending on the relative positions of the elementary curves, the resulting current-potential curves will be different. In particular, the breakdown potentials identified on the elementary curves can be visible or not and/or shifted on the resultant current-potential curves. In Fig. 4, the elementary cathodic curve, corresponding to the oxygen reduction reaction, is commonly represented by a diffusion plateau followed by a Tafel straight line. The elementary anodic curve is more complex. After the passivity plateau, a first breakdown potential was observed due to the initiation of pitting corrosion and intermetallic particle dissolution. A plateau with high anodic current densities was then observed due to pit propagation and intermetallic dissolution. The second breakdown potential was previously attributed, from experimental observations ͑the second breakdown potential of the elementary anodic curve was directly visible, with a slight shift, on current-potential curves only for those plotted for 3 and 5 M solutions͒, to intergranular corrosion initiation. As deduced from experimental results, the potentials corresponding to the initiation of pitting and intergranular corrosions were shifted toward more cathodic values as the chloride concentration increased. Moreover, the oxygen reduction plateau was lower for high chloride concentrations due to low oxygen solubility. It was also assumed that the anodic plateau corresponding to pit propagation was higher for high chloride concentrations since it was observed that the density and the size of the pits increased as chloride concentrations increased ͑Fig. 3͒. Therefore, the anodic contribution was significant just before the corrosion potential for high chloride contents which explained the slope observed on the cathodic plateau for high chloride contents and mainly for a 5 M chloride solution ͑Fig. 2b͒.

Finally, these tests showed that at the corrosion potential, 2024 alloy presented pitting and intergranular corrosions at low chloride concentrations but only pitting corrosion at high chloride concentrations. However, the potential scan rate was very high, and thus the electrochemical conditions imposed on the electrode most likely did not correspond to an equilibrium state. Therefore, intergranular corrosion will be observed at the corrosion potential during immersion tests whatever be the concentration, but significant differences might be revealed concerning the density and the size of the intergranular corrosion defects.

Intergranular immersion tests.-Figure 5 shows optical micrographs obtained on 2024 alloy after different immersion times, i.e., 24, 72, and 168 h in 0.5, 3, and 5 M NaCl solutions. Intergranular corrosion was observed on all samples with an increased depth of corrosion attack when immersion time increased independent of chloride concentration. We also observed an increase of the opening of the attacks with immersion time but this was mainly evidenced for 0.5 M NaCl concentration. In this case, after 168 h, the size of intergranular defects was about 300 m in depth and more than 50 m in opening. For 3 and 5 M chloride concentrations, the intergranular defects were narrow: for a given immersion time, the opening of intergranular defects decreased with increasing chloride concentrations. So, intergranular attack morphology was significantly influenced by chloride concentration.

As mentioned in the experimental part, to take measurement scatter into account, four sections were observed for all chloride concentrations and immersion times. For each section, all the intergranular defects propagating in the rolling direction were counted and their depths were measured. This is a sufficient number to enable statistical analysis of the results. 12 Figure 6a presents the average depth of intergranular defects versus immersion time for different chloride concentrations. Globally, average depths increased along with the immersion time for a given chloride concentration. Moreover, for a given immersion time greater than 24 h, average depths increased along with chloride concentration. However, for immersion times shorter than 24 h, the number of intergranular defects was so low for 5 M chloride concentration that it was not possible to evaluate their mean depth. This observation shows that corrosion defect density was a relevant parameter to describe corrosion damage.

Figure 6b shows the density of intergranular damage sites versus immersion time for different chloride concentrations. The density is calculated as the ratio between the number of grain boundaries corroded and the total number of grain boundaries counted on the section analyzed. For a given chloride concentration, the density of intergranular damage increased with immersion time. Moreover, it clearly appears that the density of intergranular defects decreased when chloride concentration increased, particularly for short immersion times.

These tests seem to show that intergranular corrosion defect initiation was easier at low than at high chloride concentrations. This was not consistent with potentiokinetic polarization results and especially with the shift of the second breakdown potential toward more cathodic potentials when chloride concentrations increased. This was explained by taking into account the two steps of intergranular corrosion, i.e., initiation and propagation, and it was assumed that when chloride concentration increased, intergranular corrosion initiated more easily as shown by the potential shift on the potentiokinetic polarization curves but only a few intergranular defects could propagate enough to be detected. This was due to the low oxygen solubility and to the fact that in chloride media, 2024 aluminum alloy presented a competition between two types of corrosion mechanisms: pitting and intergranular corrosions. For high chloride concentrations, 2024 alloy presented more numerous and bigger pits which led to an evolution of the morphology of intergranular corrosion defects: they became less numerous, thinner, but deeper as the chloride concentration increased.

It can be noticed that a low intergranular defect density increased the error on the measurement of defect depth. This point has been discussed in a previous paper. 12 Determination of the propagation kinetics of intergranular defects by sectioning and observing precorroded samples requires a very large number of samples to be meaningful. Such a method is thus highly time consuming and, with a reasonable number of samples, it allows only descriptive results to be obtained. Hence a new method was envisaged based on the load to failure on precorroded tensile specimens versus immersion time in aggressive media. Validation of the T 2 C procedure for different chloride concentrations and immersion times.-As recalled in the introduction, this method assumes that a homogeneous distribution of corrosion damage over the whole surface of a tensile precorroded specimen leads to the presence in the material of a nonbearing zone. As the effective bearing area is decreased, the load to failure for a corroded specimen will decrease too. Following this assumption, the propagation of intergranular corrosion can be considered as the growth of the thickness of the nonbearing zone along the whole length of the tensile specimens. More details about this method are given in a previous paper. 12 The method has already been successfully used to determine the mean depth of intergranular defects for chloride concentrations of 1 and 3 M and immersion times no longer than 168 h. 12 It is important to bear in mind that the geometry of the tensile specimens was chosen in order to provide a large enough analyzed corroded surface to obtain relevant measurements for the mean depth of intergranular defects. Moreover, for each experimental condition, at least, three tensile specimens were studied. Figure 7 shows the mean depth of intergranular defects determined using this method for chloride concentrations of 0.5, 1, 3, and 5 M and immersion times up to 168 h. The results are indicated by continuous lines. The mean depths of intergranular defects calculated from conventional immersion tests are reported for comparison ͑dashed lines͒. These results show a good agreement between the two sets of values for chloride concentrations up to 3 M. However, measurements calculated by tensile tests ͑T 2 C procedure͒ are underestimated for a 5 M chloride concentration. This last observation can be easily explained by taking into account the error on the measurement of intergranular defect depth in highly concentrated chloride solutions for both methods, i.e., T 2 C procedure and conventional immersion tests: for the T 2 C procedure, the intergranular defect density was too low for a nonbearing zone to be defined, while for conventional immersion tests, the intergranular defect density was too low for a statistical analysis to be performed. The T 2 C procedure was thus an efficient method to determine the mean intergranular defect depth for chloride concentrations, leading to a homogeneous distribution of intergranular defects, i.e., for the concentration range studied in this work, for concentrations up to 3 M. It also proved that the longest defects were not so damaging in terms of global mechanical response of the specimen. This observation suggests that the geometry of these defects cannot be considered as cracks; otherwise, the locally restricted deformation would make the T 2 C analysis inappropriate.

Additional experiments were then performed to evaluate whether it was possible to use the T 2 C procedure for immersion times as long as 3000 h. Figure 8 presents the average intergranular defect depth calculated from tensile tests on precorroded specimens versus immersion time for 0.5 and 3 M chloride solutions and for immersion times from 0 to 3000 h. Whatever the chloride concentration, the average depth of intergranular defects increased with immersion time with two intergranular corrosion kinetics regimes: during the first 200 h, intergranular corrosion propagated very rapidly, whereas for longer immersion times, the propagation kinetics of intergranular corrosion was found to be lower which was significant mainly for a 3 M chloride solution. The results were in good agreement with those obtained by Pauze who showed the existence of two intergranular corrosion kinetics regimes in NaCl solutions: during the first 7 h of immersion, a fast intergranular corrosion regime ͑30 m/h͒ and then from 7 to 12000 h of immersion, a slow regime ͑0.06 m/h͒. [START_REF] Pauze | [END_REF] The author explained the results by referring to mi-Figure 5. Optical micrographs of intergranular corrosion defects on 2024 T351 aluminum alloy after immersion in 0.5, 3, and 5 M NaCl solutions for 24, 72, and crostructural effects such as grain morphology or electrochemical parameters such as a decrease of the oxygen concentration at the defect tip. Moreover, it was possible that an ohmic loss between the interior and the exterior of the corrosion defect could be responsible for the existence of these two kinetic regimes. 17 However, Fig. 8 shows that the values of intergranular corrosion defect depth were very scattered ͑for each condition, the deviation between the ten measurements is reported for the corresponding average values͒ for immersion times of 1200 and 3000 h with an increased scattering with increasing immersion time. Optical micrographs of corroded samples after 3000 h of immersion in 0.5 and 3 M NaCl solutions are presented in Fig. 9. Very large defects were detected for both chloride concentrations with some defects passing through the corroded sample; analysis showed the red corrosion product to be composed of copper species. Such defects were also observed on samples immersed for 1200 h, but they were much less numerous and their morphology was more similar to that observed for short immersion times, i.e., a homogeneous distribution of intergranular corrosion defects. Analysis of the load/elongation curves obtained for precorroded samples in 0.5 or 3 M chloride solution showed that whereas the curves obtained for ten samples precorroded for a given immersion time up to 1200 h were reproducible, those obtained for ten samples immersed in a given solution for 3000 h were very scattered ͑Fig. 10͒. In Fig. 10, the ten gray curves correspond to ten tensile tests performed for ten samples precorroded in the same conditions ͑same solution and same immersion time͒. The black curve corresponds to a tensile test performed on a noncorroded sample for comparison. This result was related to the corrosion morphology. Immersion in chloride solutions for very long time, i.e., 3000 h led to the growth of very large corrosion cavities whose geometrical characteristics ͑shape, size, distribution͒ were random. In such conditions, the corrosion damage could no longer be described as a nonbearing zone distributed along the whole length of the tensile specimens and the fracture of the tensile samples was directly related to the geometrical characteristics of the corrosion cavities which explained the scattering of the load/elongation curves. The T 2 C procedure was thus unusable for long immersion times ͑3000 h͒.

Therefore, the T 2 C procedure approved to be reproducible, fast, and reliable for the calculation of the average depth of the intergranular corrosion defects as long as intergranular defects are sufficiently numerous and lead to a homogeneous distribution of the damage observed for immersion times up to 1200 h and chloride concentrations up to 3 M. However, for longer immersion times ͑ Ͼ 1200 h͒ and for higher chloride concentrations ͑ Ͼ 3 M͒, the results deduced from classical immersion tests and from this T 2 C procedure must be considered with caution. This is why empirical propagation laws of intergranular corrosion defects were determined using the T 2 C procedure for a maximum chloride concentration of 3 M and a maximum immersion time of 1200 h.

Empirical propagation laws of intergranular corrosion defects.-

The T 2 C procedure was used to determine empirical propagation laws of intergranular corrosion defects for 2024 T351 aluminum alloys in 0.5 and 3 M chloride solutions. Ten samples were tested for each condition to validate the empirical propagation law proposed. Figure 11 presents the average depth of intergranular corrosion defects versus immersion time for chloride concentrations of 0.5 and 3 M. The shape of the intergranular corrosion defects propagation curves was similar for 0.5 and 3 M chloride concentration with two propagation regimes, which suggests a propagation powerlaw of the form d = at b , with a and b depending on environmental parameters and d corresponding to the average depth of the intergranular corrosion defects. In the literature, most studies identify parabolic laws of the form d = at 1/2 with a ˜also depending on the direction of intergranular corrosion propagation. 4,9 In the present work, this parabolic law does not fit the results as represented in Fig. 12 in a log-log plot, particularly in the long immersion times range. In order to improve the prediction of intergranular corrosion propagation, a first attempt to propose another law was described here. This attempt is explained in the present paper only for a 0.5 M chloride concentration and will be transposed to 3 M NaCl conditions.

As shown in Fig. 11, two regimes characterize corrosion defect propagation: during the first 200 h of immersion, a fast intergranular corrosion regime and, subsequently, from 200 to 1200 h of immersion, a stationary regime. For this regime, linear regression led to a formula of the type d = At + C ͑Fig. 13͒, with A and C depending on environmental parameters. The formula calculated by linear regression was d = 0.07t + 55 with a correlation coefficient R equal to 0.48. Of course, this coefficient was low but this can be explained first by the strong dispersion of the intergranular defect depths observed at 1200 h. Moreover, it would be necessary to perform experiments for immersion times between 168 and 1200 h to improve the results, and maybe it would also be helpful to test more than ten tensile samples for each immersion times. However, the aim of the present work is to propose a first attempt to determine propagation kinetics of intergranular corrosion defects for 2024 alloy, and the formula d = 0.07t + 55 was taken as being representative of the stationary propagation regime from 200 to 1200 h. For the fast propagation regime, it was interesting to plot the variance between average depths calculated by the formula At + C versus measured average depths d for different immersion times: At + C -d ͑Fig. 14͒. A strong dispersion was still logically observed for long immersion times. For short immersion times, variance appeared to change following an exponential pattern. As most studies in the literature have shown that intergranular corrosion defect propagation depends on t 1/2 , this formula was considered. 4,9 As a consequence, the equation describing the kinetics of intergranular corrosion defect propagation was of the type d = At + C͑1 -exp͑-Bt 1/2 ͒͒, where A, B, and C depended on environmental conditions. So, calculations gave two empirical propagation laws for 0. 

Conclusion

In this work, the intergranular corrosion susceptibility of 2024 T351 aluminum alloy was studied. The results indicate that measuring intergranular corrosion defect propagation by means of the load to failure on precorroded tensile samples ͑T 2 C procedure͒ was a relevant alternative method to classical immersion and sectioning tests in corrosive environments for chloride concentrations up to 3 M and immersion times up to 1200 h. For these experimental conditions, it was shown that intergranular corrosion led to the growth of a nonbearing zone of thickness equal to the mean depth of the corrosion defects. For higher chloride concentrations, due to high pit density, the intergranular corrosion defect density was too low to generate a nonbearing zone and thus the T 2 C procedure was unusable. For longer immersion times ͑ Ͼ 1200 h͒, corrosion damage was no longer intergranular but took the form of very large cavities whose geometrical characteristics were difficult to describe due to their random nature. For these reasons, empirical propagation laws of intergranular corrosion defects in NaCl solutions were established using the T 2 C procedure only for immersion times of up to 1200 h and for chloride concentrations up to 3 M. Empirical laws accurately described corrosion kinetics measurements for these experimental conditions. This first calculation step will be the basis for future and more complex predictive corrosion damage laws for the aeronautic industry. 
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 2 Figure 2. ͑Color online͒ ͑a͒ Current-potential curves for 2024 T351 aluminum alloy in 0.5, 1, 3, and 5 M NaCl solutions at 25°C. Scan rate = 500 mV h -1 . ͑b͒ Close-up of the cathodic parts of the curves; ͑c͒ Close-up of the anodic parts of the current-potential curves; vertical lines show the breakdown potentials.
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 3 Figure 3. Optical observations of corroded faces on 2024 T351 aluminum alloy after potentiokinetic polarization in ͑a͒ 0.5, ͑b͒ 1, ͑c͒ 3, and ͑d͒ 5 M NaCl solutions and ͑e͒ for an interrupted potentiokinetic polarization test at -780 mV/SCE in a 5 M NaCl solution at 25°C.
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 4 Figure 4. ͑Color online͒ Schematic effect of chloride ion concentration on potentiokinetic polarization curves on 2024 T351 aluminum alloy for: ͑a͒ low chloride concentrations ͑0.5 and 1 M͒ and ͑b͒ high chloride concentrations ͑3 and 5 M͒; in green the anodic segment ͑breakdown potentials shown with green arrows͒, in blue the cathodic segment, and in red the global potentiokinetic curve ͑breakdown potentials shown with red arrows͒.
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 8 Figure 8. Calculated average depth ͑T 2 C procedure͒ of intergranular damage vs immersion time for 2024 T351 aluminum alloy for 0.5 M ͑continuous lines͒ and 3 M ͑dashed lines͒ NaCl solutions at 25°C.
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 6 Figure 6. ͑Color online͒ ͑a͒ Average depth of intergranular damage vs immersion time in 2024 T351 aluminum alloy for 0.5, 1, 3, and 5 M NaCl solutions at 25°C; ͑b͒ Ratio of damaged sites to potential sites vs immersion time for 2024 T351 aluminum alloy in 0.5, 1, 3, and 5 M NaCl solutions at 25°C.
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 7 Figure 7. ͑Color online͒ Calculated ͑T 2 C procedure: continuous lines͒ and measured ͑conventional immersion tests: dashed lines͒ average depth of intergranular damage vs immersion time in 2024 T351 aluminum alloy for 0.5, 1, 3, and 5 M NaCl solutions at 25°C.
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 9 Figure 9. Optical micrograph of corroded surfaces of 2024 T351 aluminum alloy after 3000 h immersion in ͑a͒ a 0.5 M NaCl solution and ͑b͒ a 3 M NaCl solution at 25°C.

Figure 10 .

 10 Figure 10. Load vs elongation curves for 2024 T351 aluminum alloy samples after 3000 h immersion in a 3 M NaCl solution at 25°C. Ten curves corresponding to the precorroded samples are given in gray to show the lack of reproducibility of the tensile test results. A curve in black is given for a reference sample ͑noncorroded sample͒ for comparison.

Figure 11 .

 11 Figure 11. Calculated average depth ͑T 2 C procedure͒ of 2024 T351 aluminum alloy samples immersed in ͑a͒ 0.5 and ͑b͒ 3 M NaCl solutions for different immersion times at 25°C.

  Figure 15 presents a comparison between average depths calculated by empirical propagation laws and measured average depths for 0.5

Figure 12 .

 12 Figure 12. Representation of the kinetics of intergranular corrosion defect propagation as a log-log plot for a 0.5 M chloride solution. d corresponds to the average depth of the intergranular corrosion defect.

Figure 13 .

 13 Figure 13. Linear regression of stationary propagation regime in a 0.5 M chloride solution.

Figure 14 .

 14 Figure 14. Intergranular corrosion defect propagation ͓d corresponds to the average depth of the intergranular corrosion defect͔ and variance At + C -d vs immersion time.

and 3 M

 3 chloride concentrations. Given the strong dispersion of results of intergranular corrosion damage, experimental and calculated curves presented a good agreement. Therefore, equation d = At + C͑1 -exp͑-Bt 1/2 ͒͒ can suitably describe intergranular cor-rosion defect propagation, where A, B, and C depend on chloride concentration. To improve these empirical propagation laws, it would be necessary to perform experiments for other values of the immersion time between 200 and 1200 h.

Figure 15 .

 15 Figure 15. Comparison between average intergranular corrosion defect depth calculated by empirical propagation laws ͑lines͒ and measured average depths for ͑a͒ 0.5 and ͑b͒ 3 M chloride concentrations ͑points͒.

  

  

Table I . Chemical composition of 2024 T351 aluminum alloy (wt %).

 I 

		Al	Cu	Mg	Mn	Fe	Si	Ti
	%	Base 4.464 1.436 0.602 0.129 0.057 0.030
	͑weight͒						

Figure 1. Optical view of a 2024 T351 rolled plate after electrochemical etching.
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