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ABSTRACT Electrochemical noise generated during pitting corrosion of several aluminum alloys is studied in different corrosive solutions, producing either metastable or propagating pits. Both potential and current noise are recorded in open circuit conditions. Metastable pits and propagating pits are shown to produce different types of noise. At a first glance, the first (type I) seems rather "irregular" whereas the second (type II) looks "almost periodic". For metastable pits only type I noise is observed. For propagating pits, the signal exhibits both type I and II characteristics, on different time ranges. Type II behavior is characterized by strong coupling between V(t) and I(t) and exhibits some chaotic features, phase portraits suggesting the existence of a strange attractor and of several unstable periodic orbits. This work open the way for a better understanding of multistep pitting processes and also improvement of pits propagation monitoring on aluminum alloys.



INTRODUCTION Pitting corrosion of passive metals is known to exhibit probabilistic behaviors in its initiation stage (1), which are generally considered as resulting of some random processes. A large amount of works has been already devoted to studying the electrochemical noise generated by pitting (2) and analyzing this noise using standard techniques , such as Fast Fourier Transform (FFT), or more sophisticated ones. Probabilistic behavior however cannot be associated anymore to pure random behavior, since it may also be due to the onset of low dimensional chaos, whose occurrence in corrosion science is now accepted (3). One of the most widely studied system is anodic dissolution of metals in acidic media (4,5,6), which often displays



irregular time oscillations, but chaos descriptions have been recently proposed for aluminum (7) or even stainless steels (8) corrosion. On another hand, several complex chemically reacting systems (such as the Belousov-Zhabotinsky reaction (9) are known to exhibit chaotic and self-organized phenomena typical of non linear dynamics. Such systems seem disordered at a first glance but are in fact driven by a few number of deterministic equations, which is the signature of low dimensional chaos. In this work, we first investigate the potential and current noise generated at rest potential on aluminum alloys specimen in nearly neutral chloride containing solutions, paying special attention to the time-potential and potential-current correlation’s. Then, phase portraits are drawn in a three dimensional phase space and the system trajectories are analyzed, which shows that low dimensional chaos may occur in some cases. The conditions (chemical composition of the corrosive solution) for the onset of chaotic oscillations is briefly discussed, Last, suggestions for quantifying chaos during pitting corrosion are made, whose details will be presented later.



EXPERIMENTAL Materials Two types of Aluminum alloys (AISI 3104 and 8011) are studied, whose typical composition are: Alloys



Fe



Si



Mn



Zn



Mg



Cu



3104 8011



0.34 1



0.16 0.9



0.99 0.2



0.018 0.1



0.96 0.05



0.142 0.1



Table I: composition of the investigated alloys (weight %).



The precipitates present in these alloys are essentially Al2Mg3 and Mg2Si for 3104 grade and (Al,Fe,Si) type precipitates (e.g. Al3FeSi) for 8011 grade. The results obtained in this work are very similar for the two alloys, which means that no major effect of the precipitates is likely to be taken in consideration. The specimen are cut from industrial cold rolled unannealed aluminum sheets (thickness: 0.3 mm for alloy 3104 and 0.5 mm for alloy 8011), and are simply degreased with ethanol and acetone before testing. In one case also, mechanically polished samples will be used (see later)



Test solutions and their effect on the propagation of pits The electrochemical tests were first performed in a NaCl (1M) aqueous electrolyte (solution A), where Cl- is the aggressive species; the solution is not deaerated and the



temperature is kept to 23° C. The specimen do not exhibit perforating pits after 15 days of immersion but rather a large number of repassivated pits. Solution B, which was widely used in this work, contains ammonium chloride NH4Cl (1M), ammonium nitrate NH4NO3 (0,25M), and ammonium tartrate (NH4)2C4H4O6 (10-2 M ) where NH4+ is a weak acid and NO3- and C4H4O6-- are respectively oxidizing and complexing anions . The measured pH is 5.3. This composition is close to that proposed by ASTM G66 test for assessing the exfoliation risk in marine environments and is known to induce a fast propagation of few macroscopic pits, rather than the formation of numerous microscopic metastable pits. After a 15-days exposure in this solution, the samples are perforated and large amount of corrosion products can be seen over the macroscopic pits. In order to understand the influence of the different components of the test solution on the emergence of chaotic dynamics, complementary assays have been performed in two other electrolytes, obtained by modifying solution B. In solution C = NaCl (1M) + NaNO3 (0.25M) + NaKC4H4O6 (10-2M), no perforating pit is observed. At the opposite, in solution D = NaCl (1M)+ NaNO3 (0.25M) + CH3CO2H (1M), where ammonium tartrate was substituted by acetic acid CH3CO2H (which is also a weak acid) perforating pits are observed as in solution B. Then, perforation trend seems not to be related to the presence in the corrosive solution of a complexing agent (as C4H4O6--), but rather to that of a weak acid.



Electrochemical measurements A three-electrode set-up placed in a Faraday cage is used, comprising (10) two identical aluminum specimen connected through a low impedance ammeter (input impedance = 100 Ω) and a platinum electrode whose potential difference with one of the samples is recorded (voltmeter input impedance = 1013 Ω). The platinum electrodes are immersed in the electrolyte at least one day before the starting of the experiment so that the noise generated by the platinum-electrolyte interface becomes negligible. The sampling frequency is 51.2 Hz. The DC trends of the signals are removed so that only the signal fluctuations are studied. The results presented in the following were obtained on some 2048 datapoints files (~ 40 sec) The area of the surface exposed to the corrosive solution is 10 cm2 for each sample. The immersion time varies from 30 minutes to 18 hours following the cases.



RESULTS AND DISCUSSION Electrochemical noise In test solutions A and C (where only metastable pits are observed). The current and potential fluctuations seem rather irregular and could be at a first glance regarded as



the superposition of a large number of independent elementary transient events. Detailed analysis using Fast Fourier transform or a second order autoregressive model shows that the characteristics of this noise correlate with the number of pits per unit area and the pitted area fraction (11). Figures 1a,c show the typical observed signals in this case , named type I behavior. In solutions B and D (where perforating pitting occurs), type I is also observed , alternating (or eventually superposing) with type II signals (figures 1b,d) which are characterized by remarkable oscillations and strong coupling between potential and current signals. At small immersion times, only type I behavior is observed. Type II behavior begins to appear sporadically after several ks (kiloseconde) during periods of increasing length (up to several ks). The occurrence and period lengths of type II behavior then tends to decrease as immersion time increases. Considering these results and the perforating character or not of the four test solutions (as described in the previous section), it is suggested that type I should mainly be associated to the birth and death of repassivating pits, and type II to the stabilization of propagating pits. The repetitive alternation between type I and type II observed in solutions B and D, and the periodic components in type II behavior suggests that the system evolution is then driven by low dimensional non linear dynamics: it is highly unlikely that a random system, or a system with a high number of degrees of freedom, turns back so quickly and regularly in the neighborhood of previously occupied states. Let us now consider the autocorrelation function Cvv(τ) of the potential signal: C
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This function contains information about the signal's structure: periodicity, stochasticity: the autocorrelation function of a periodic function is a periodic function, the autocorrelation function of a purely random signal (white noise) is a Dirac impulse. It can be seen on figure 2 that, for type I pitting Cvv(τ) monotonously decreases with time τ with a characteristic time of the order of few seconds, whereas for type II this decrease is superposed to fluctuations whose characteristic period is of the order of some tenth seconds Correlation between potential (or its time derivative) and current fluctuations are shown on figure 3. For type I no relation is found between V(t) and I(t), neither between V'(t) and I(t) , whereas for type II a strong coupling between V(t) and I(t) should be noted. In first approximation this coupling looks to be capacitive, with dI/dV’ ~ C ~ 40 μF. Considering the total specimen area (2 x 10 cm2 = 20 cm2), the capacity per area unit (2 μF.cm-2) is of the order of magnitude of the capacity of a thin oxide film with relative dielectric constant εr ~12 and thickness e ~ 5 nm.



Phase portraits Even when the system dynamics are not yet resolved, it is possible to distinguish a stochastic behavior from a deterministic one. A multidimensional diagram (the "phase portrait") is plotted in the n-dimension space {X(t-nτ), m=1,2,3...} or {X(t), X'(t), X''(t)... X(n)(t)}, where n is the number of physical observables necessary for the complete description of the system (or more precisely the number of excited degrees of freedom), and τ an "arbitrary" time constant (whose practical choice is not trivial). Choosing the time derivative series X(n)(t) for representing the phase portraits overcomes this difficulty, but the problem is transferred on the numerical method to be used. In this work, we used the program CDA ("Chaos data analyzer") (15), which provides the phase diagram in a tridimensionnal space {X(t), X'(t), X''(t)}, which means that, when n>3, only a projection of the real phase portrait on the ℜ3 space is obtained. Each point in this space represents a state of the system. Relating the successive state points by a continuous line gives the system trajectory, or at least its projection on ℜ3. If the signal is purely stochastic, the trajectory fills randomly the phase space. At the opposite, when the signal is deterministic, the trajectory draws a particular shape (an attractor) whose topology determines the level of organization for the system behavior. Even when the system seems to obey deterministic laws however, the long term behavior may be unpredictable, because it is very sensitive to initial conditions. This sensitivity characterizes the onset of low dimensional chaos, together with self-similarity properties of the attractor which then exhibit a fractal structure ("strange attractor"). Figure 4 suggests that type I behavior is markedly stochastic (the trajectory fills the phase space), whereas for type II a structure appears clearly; such a strong coupling between the signal and its derivatives indicates a deterministic behavior. More, figures 4d shows that the "central" part of the phase diagram, located close to the origin, is much more visited that the outer parts and behaves as an « accumulation » domain. Deriving 3 times all the coordinates of the phase portraits with respect to time produces sharper structures in the phase space (figure 5), and the « accumulation » domain appears less and less visited when the derivation order increases. This suggests that the accumulation domain is not necessarily a stochasticity island but perhaps a knot (12) exhibiting again a deterministic character. We were however unable to resolve the attractor with a sufficient accuracy (derivation orders > 3 producing numerical artifacts) to fully support this conjecture. Let us note that type II show sometimes different oscillations time scales (inner and outer loops in figure 6, obtained on solution D), suggesting the presence of unstable periodic orbits (UPO) (12). In a chaotic behavior, there is a large number of short time sequences during which the system behavior is nearly periodic, but these periodic orbits are unstables. A typical chaotic trajectory visits all the attractor, moving successively in the neighborhood of each unstable periodic orbits. Figure 6 shows a trajectory where the system stays in the neighborhood of an unstable periodic orbit 1 (UPO 1), moves in the neighborhood of UPO 2, and then turns back in the neighborhood of UPO 1. Unstable periodic orbits can topologically be regarded as knots, reinforcing the



idea that detailed topological analysis of the phase diagrams should be fruitful in the future for revealing the level of organization of the corroding systems, and understanding the different dynamic behaviors which are involved in localized corrosion. Quantifying chaos The degree of predictability for the system behavior can be assessed by the "largest Lyapounov exponent" λ , which is given in bits per data sample and measures the rate at which nearby trajectories diverge in at least one direction (13,14,15) Purely random motion operating during an infinite time is characterized by an infinite largest Lyapounov exponent (λ∼40 bits/s was found on some 2048 points datafiles, using the same 51.2 Hz sampling rate). Predictable (e.g. periodic or "quasi-periodic") behaviors have a negative largest Lyapunov exponent and chaotic orbits a positive (but not infinite) ones. In this work, the λ values were calculated for the two alloys in the two corrosive conditions A and B on several V(t) and I(t) datafiles, using the CDA program. Typical values are λ=10 bits/s for type I and 20 bits/s for type II. A high sensitivity to the initial conditions is then evidenced in the two cases, this sensitivity being larger for type II than for type I. Fractal objects can be characterized (16,17) by the generalized dimension D(q) calculated from the correlation integral Cq(b), with: D (q) = limb→0 Cq(b) =
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μ being the natural measure on the fractal, b the radius of a ball B centered on a point x and q a real number. D0 is the capacity (or Hausdorff) dimension D1=limq→1D(q) is the information dimension and D2 the second order correlation dimension. For fractal objects, exhibiting self similarity as should do strange attractors, d(q) is expected to decrease with q and then D0>D1>D2. The CDA program calculates the capacity (D0) and the correlation (D2) dimensions for increasing values of the embedding dimension D of the phase space; the results presented in the following were those obtained for D=10, or any smaller embedded dimension for which D0 or D2 do not change significantly when D→D+1. For both type I and type II, the capacity dimension is found to range between 1.5 and 2, and the correlation dimension between 2 and 2.5, suggesting first that a representation in the 3-dimensional phase space is not irrelevant (even if the embedded dimension determined by the CDA program is found larger than 3), secondly that the self-similarity condition (implying D0>D2) is not fulfilled. then, even if a chaotic behavior is present in the investigated system, stochasticity should also play a major role. Much more work is needed for clarifying this point, but we feel that the stochasticity could be, at least for a part, concentrated in the "accumulation domain" discussed above,



which is visited more often than the other parts of the attractor and then should contribute more to the high order dimensions than to the zero order one (Hausdorff dimension). We conclude this part of the work by noting that there are several signs that type II behavior should include a chaotic component, but stochasticity should also be present up to a certain amount. More sophisticated techniques are needed for quantifying chaos and stochasticity and also separate the different pitting behaviors. It will form the subject of a shortcoming paper (18), applying both the Stochastic Pattern Detector (19) and the Rescaled range (20) techniques to the time series V(t) or I(t).



CONCLUDING REMARKS



We have shown in this work that metastable and propagating pits do not produce the same type of electrochemical noise on aluminum alloys. Metastable pitting is characterized by a continuous decrease of the potential autocorrelation function, on the time scale of some seconds (type I), whereas for propagating pitting this decrease superposes to some correlation oscillations whose period is of the order of tenth seconds (type II). These oscillations correspond to a marked capacitive coupling between potential and current fluctuations, of the order of the passive layer capacitance. Type II occurrence could be related to some particular conditions for the composition of the corrosive solution, for instance the presence of a weak acid. Moreover, phase portraits drawn in a 3-dimensional space suggest than type I corresponds to a noticeable stochastic behavior, whereas type II is markedly chaotic, exhibiting sometimes well defined Unstable Periodic Orbits. Nevertheless, type I probably contains also chaotic component and type II stochastic ones, at a lesser extent however. For future works, it is needed to improve the quantification of chaos and stochasticity on both potential or current signals. Such a work should improve the understanding of the transition from metastable to perforating pitting and also open the way for a better prediction of the lifetime of the corroding devices. On another hand, the effect of the composition of the corroding solution should be investigated more deeply, aiming at modeling the coupling effects producing chaos in rest potential pitting.
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Figure 1 : (a,b) Potential noise. (c,d) Current noise .(a,c) : type I; (b,d) : type II .



Figure 2 : Potential noise autocorrelation function.
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Figure 3. Relation between I(t) and V(t) or V'(t)
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Figure 4: Phase portraits(a) and trajectories (b) in the 3D space I(t), I'(t), I''(t))
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Figure 5: Phase portrait time derivatives; type II (a): X(t) = I(t), (b): X(t) = I'(t), (c): X(t) = I''(t), (d): X(t) = I'''(t),



Figure 6: Unstable Periodic Orbits
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