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Abstract

In this work, the influence of chloride ions concentration on the corrosion behavior of the AA2198-
T8 alloy was evaluated. Immersion test and electrochemical analyses were performed in sodium
chloride solutions of three concentrations, 0.001 mol L™, 0.005 mol L™ and 0.01 mol L™. The
results showed that the AA2198-T8 alloy was susceptible to localized corrosion (LC) and to severe
localized corrosion (SLC) in all conditions investigated. The electrochemical results obtained by
open circuit potential measurements, cyclic voltammetry and potentiodynamic polarization
curves were associated with the corroded microstructure of the alloy. Although electrochemical
techniques allowed differentiating the corrosion resistance as a function of chloride concentration,
the result was strongly influenced by the corroded/uncorroded area ratio related to the SLC.
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Introduction

Al-Cu-Li alloys have a great potential for applications in aeronautical industry due to
their low density and good mechanical properties, however, localized corrosion is a
characteristic problem concerning these alloys [1-4]. This results from their microstructure,
which is composed by several phases (constituent particles, precipitates) presenting
electrochemical properties different from those of the matrix [5,6]. Constituent particles
present micrometric sizes and are associated to localized corrosion (LC) while nanometeric
precipitates are related to hardening of the alloy. The main precipitate is Al-Cu-Li alloys
which results in decreased corrosion resistance is the T1 phase (Al,CuLi). This has been
associated with a strong attack of the allou, also known in literature as severe localized
corrosion (SLC). SLC differs from the LC induced by constituent particles because the area
of attack at the surface is larger in the SLC compared to LC. Moreover, SLC presents
particular features, such as rings of corrosion products, cathodically protected areas
surrounding the SLC and hydrogen gas evolution at areas surrounding the pit mouth [3-5].

Corrosion of aluminum alloys is not uniform and, consequently, the electrochemical
results measured by global electrochemical techniques represent an average of surface
events. This is particularly relevant for SLC, which is associated with higher current
densities compared to LC [3]. The number of SLC sites nucleated on the exposed surface
during immersion tests can vary, as well as the kinetics of pit evolution, resulting in
different magnitudes of penetration and size of protected area. Consequently, the
anodic/cathodic ratio, represented by the attacked/unattacked areas, has an important role
during electrochemical measurements. Since the oxide film around the sites of SLC usually
remains preserved, the use of environments of low concentration seems adequate to study
this kind of alloys, once it allows monitoring the slight modifications on the surface due to
corrosion attack.

In this work, a relation between chloride concentration and the corroded area in the
AA2198-T8 alloy was established with the aim of correlating microstructure with the
corrosion resistance of this alloy by using electrochemical measurements (open circuit
potential, polarization curves and cyclic voltammetry) and immersion tests.

Experimental

Microstructural characterization

4 mm thick plate of AA2198-T8 alloy (3.32 wt% Cu, 0.96 wt% Li, 0.31 wt% Mg,
0.26 wt% Ag, 0.51 wt% Zr, 0.05 wt% Fe, 0.04 wt% Si, 0.04 wt% Zn, 0.02 Mn) was used in
this study. The constituent particles in the AA2198-T8 were characterized after surface
preparation by sequential polishing using SiC paper (up to #4000) and diamond pastes of 3
pum and 1 um. Following surface preparation, the specimens were cleaned in acetone, rinsed
in deionized water and dried under a cool air stream. Semi-quantitative analyses of 150
micrometric precipitates were performed by EDX in order to estimate their chemical
composition, using JSSM-6701F field emission gun scanning electron microscope (FEG-
SEM). Specimens for transmission electron microscopy (TEM) were obtained by cutting 3



mm diameter discs from the alloy. The cut samples were mechanically thinned and
prepared by double-jet electro-polishing with a solution comprising 20% HNO;3 in
methanol at 25 V and -30 °C. TEM images were obtained in a JEOL 2100F microscope.

Corrosion evaluation

Immersion test was performed by exposing the samples (surface finishing
corresponding to polish with 1 pm diamond suspension) to naturally aerated solution. Three
concentrations of NaCl solution were used: 0.01 mol Lfl; 0.005 mol L and 0.001 mol L2,
The samples were removed from the test solution after 4h, 12h, and 24 h; rinsed with
deionized water and dried under cold air stream. Subsequently, the exposed surfaces were
observed by optical microscopy. Electrochemical measurements were carried out in the
solutions of various chloride concentrations. An Ag/AgCl (KCI saturated) electrode was
used as reference, a platinum wire as counter electrode and the AA2198-T8 alloy as
working electrode. All the measurements were performed after surface preparation
(grinding and polishing up to 1 um diamond finishing). The area exposed to test solutions
was 1 cm?. Open circuit potential (OCP) meaurements were carried out in the test solution
for 24h. Polarization tests were carried out after 15 min of exposure to the test solutions,
from -0.02 V vs OCP to 1 V at a scan rate of 0.5 mV s™. Subsequently, cyclic voltammetry
was carried out from -1.1 V to -0.1 V, at a scan rate of 10 mV s™ totalizing 2 cycles.

Results and Discussion

Microstructural Characterization

Different from the micrometric particles, the nanometric precipitates are
intentionally formed during thermomechanical or heating treatments in order to increase the
alloy strength. Figure 2 shows a TEM micrograph of the AA2198-T8 allooy, which
revealed grains with high density of thin hexagonal plates, which are identified as T1 phase
(AI2CuLi). T1 phase is the predominant strengthening phase in Al-Cu-Li alloys, however,
due to its high electrochemical activity, it is also associated with severe localized corrosion
(SLC) [3-5,10-12]. Compared with the micrometric particles, in the AA2198-T8 alloy, the
T1 phase presents a homogeneous distribution inside the grains. Attack propagation is
eased in the areas of high T1 phase concentration, and, in the case of the alloy of this study
it may result in grain consumption.(a) shows the constituent particles on the surface of
AA2198-T8 alloy. These are aligned in the mechanical working direction. These particles
are formed during alloy solidification from impurities or elements of low solubility in
aluminium [7]. EDX analysis (Different from the micrometric particles, the nanometric
precipitates are intentionally formed during thermomechanical or heating treatments in
order to increase the alloy strength. Figure 2 shows a TEM micrograph of the AA2198-T8
allooy, which revealed grains with high density of thin hexagonal plates, which are
identified as T1 phase (AI2CuLi). T1 phase is the predominant strengthening phase in Al-



Cu-Li alloys, however, due to its high electrochemical activity, it is also associated with
severe localized corrosion (SLC) [3-5,10-12]. Compared with the micrometric particles, in
the AA2198-T8 alloy, the T1 phase presents a homogeneous distribution inside the grains.
Attack propagation is eased in the areas of high T1 phase concentration, and, in the case of
the alloy of this study it may result in grain consumption.(b)) revealed that they are mainly
composed of Al, Fe and Cu and are enriched in these two last elements (Table 1). The
constituent particles are cathodic to the matrix, since they are enriched in Cu.
Consequently, localized attack at the matrix surrounding these particles has been observed
when they are exposed to corrosive environments [4,8,9].

Figure 1 — Surface of the AA2198-T8 alloy showing (a) micrometric constituent particles
aligned in the mechanical working direction and (b) points analysed by EDX.

Table 1 - EDX analysis from micrometric constituent particles in the AA2198-T8 alloy and
from the alloy matrix.

Al-K Fe-K Cu-K Cu/Fe
1 72.8 7.1 20.1 2.8
2 715 7.3 21.3 2.9
3 73.8 6.8 19.4 2.9
4 65.3 9.5 25.2 2.7
5 60.7 11.0 28.4 2.6
6 55.9 12.7 31.4 2.5
7 62.3 10.7 27.1 2.5
8 59.3 113 294 2.6
9 69.3 8.2 225 2.7
10 96.5 0.1 3.4 34
11 96.4 0.1 3.6 36

Different from the micrometric particles,

the nanometric precipitates are

intentionally formed during thermomechanical or heating treatments in order to increase the
alloy strength. Figure 2 shows a TEM micrograph of the AA2198-T8 allooy, which
revealed grains with high density of thin hexagonal plates, which are identified as T1 phase
(Al,CuLi). T1 phase is the predominant strengthening phase in Al-Cu-Li alloys, however,



due to its high electrochemical activity, it is also associated with severe localized corrosion
(SLC) [3-5,10-12]. Compared with the micrometric particles, in the AA2198-T8 alloy, the
T1 phase presents a homogeneous distribution inside the grains. Attack propagation is
eased in the areas of high T1 phase concentration, and, in the case of the alloy of this study
it may result in grain consumption.

Figure 2 - TEM image of the AA2198-T8 alloy showing high density of thin nanometric
plates inside the grains.

Immersion test

Figure 3 compares the evolution of the exposed surfaces during 24h of immersion in
the solutions of various chloride concentrations used in this study. The surface area
attacked in all solutions showed the high susceptibility of the studied alloy to localized
corrosion. The development of corrosion shows that the electrochemical activity of the
phases present differs from the matrix [6,13]. Surface observation allows identifying
different kinds of localized attack according to their characteristics, and these were
classified in severe (SLC) and not-severe localized corrosion (LC). Several studies [3-
5,10,11,14] showed that SLC in this kind of alloys is associated with the high activity of T1
phase [6], which was abundant in the alloy (Figure 2). As already mention, this type of
attack results in a cathodically protected area around the central pit and hydrogen gas
evolution around the active sites [3-5,9,15]. On the other hand, localized corrosion (LC) is
associated with micrometric particles that, in the case if this study are cathodic to the matrix
(Different from the micrometric particles, the nanometric precipitates are intentionally
formed during thermomechanical or heating treatments in order to increase the alloy
strength. Figure 2 shows a TEM micrograph of the AA2198-T8 allooy, which revealed
grains with high density of thin hexagonal plates, which are identified as T1 phase
(AI2CuLi). T1 phase is the predominant strengthening phase in Al-Cu-Li alloys, however,
due to its high electrochemical activity, it is also associated with severe localized corrosion
(SLC) [3-5,10-12]. Compared with the micrometric particles, in the AA2198-T8 alloy, the
T1 phase presents a homogeneous distribution inside the grains. Attack propagation is
eased in the areas of high T1 phase concentration, and, in the case of the alloy of this study
it may result in grain consumption.). These were responsible for the surface darkening due
to the corrosion products formed. A layer of adherent corrosion products might decrease the



electrochemical activity at the surface, since it acts as a physical barrier between the surface
and the environment.
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Figure 3 - Evolution of the AA2198-T8 surface during 24h of immersion in sodium chloride
solutions with (a) 0.01 mol L™; (b) 0.05 mol L™; (c) 0.001 mol L™ of NaCl.

It is expected that the degree of corrosion increases with the chloride concentration
in solution, since chloride stimulates oxide film attack and, consequently, metal dissolution
[16,17]. In this sense, Figure 3 suggests that the increase in chloride concentration results in
increased areas of attack. However, in Al-Cu-Li alloys, the attack related to greater damage
is SLC and the samples exposed to the solution of lowest chloride concentration were the
ones where SLC sites nucleated first (after 4h of exposure) and the areas affected by SLC
were the largest. A comparison of the ratio between the preserved area and the corroded
ones shows that larger areas were attacked in the most diluted solution. It is interesting to
note that in the solution with 0.005 mol L™ of NaCl the evolution of corrosion was similar
to that observed for the sample exposed to 0.01 mol L™ of NaCl and had no similarity to
that in the 0.001 mol L™ of NaCl. This observation is supported by surface observation by
optical microscopy, as shown in Figure 4.



Figure 4 - Evolution of the AA2198-T8 surface during 24h of immersion in solution with
(a) 0.01 mol L™; (b) 0.05 mol L™; and (c) 0.001 mol L™ of NaCl.



The images of greater magnification in Figure 4 evidenced that the extent of severe attack
was greater in the sample exposed to the least concentrated solution. This result shows that
the chloride ions concentration in solution plays an important role in the kinetics and
development of severe attack in solution of very low aggressiveness. These findings show
that exposure of this kind of alloys to solutions of low corrosiveness might lead to
unexpected results with increased areas of attack related to solutions of lower
corrosiveness. It might also be inferred that, due to the larger cathodic protected area, the
penetration of attack is deeper in the sample exposed to the solution of lower concentration.

Global Electrochemical Measurements

Figure 5 compares the open circuit potential (OCP) variation with time of
immersion of the AA2198-T8 alloy during 24 h of exposure to the chloride solutions. The
stability of the oxide film depends on the relative rates of the two opposing processes,
repassivation and dissolution of the film [17]. Comparing the OCP during the initial periods
of immersion, the OCP values of the samples exposed to the 0.001 mol L™ NaCl solutions
presented the highest potentials what is mainly due to the highest ohmic drop related to this
solution and the preservation of the oxide film favored in solution of low concentration,
which is in agreement with what was observed in the immersion test. However, in the 0.01
mol L™ NaCl solution it rapidly decreased and them oscillated around -0.56 These
oscillations in OCP occur independently of the concentration of chloride used and are
related to the localized attack of the oxide film by the chlorides ions [9]. The decrease in
potential is related to passive film attack, while the increase in potential is related to reform
of the oxide film (repassivation).
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Figure 5 - Open circuit potential variation with time of exposure to 0.001 mol L™; 0.05 mol
L™ and 0.01 mol L™ NaCl solutions.
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The cathodic polarization curves of the AA2198-T8 alloy are shown in Figure 6.
During the polarization, the cathodic reactions are favored and these occur preferentially on
the micrometric (Cu, Fe enriched particles). The curves show a diffusion-controlled
corrosion process, with a limiting current that increases with the chloride ion concentration,
although all values are in the range of 2x10°® A/cm? to 6x10°° A/cm2. The limiting current
increased with solution concentration but only small variations were seen, but it may be due
to the solubility of the oxygen, which is dependent on the concentration of chloride. Thus,
the cathodic polarization does not allow to clearly differentiating the effect of the solution
concentration on these alloys.
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Figure 6 - Cathodic polarization curves for the AA2198-T8 alloy exposed to 0.001 mol L™;
0.05 mol L™; 0.01 mol L™ of NaCl solutions.

Since the anodic polarization curves are related to dissolution of the passive film,
significant differences could be observed among the solutions tested (Figure 7). Only the
curve corresponding to the 0.001 mol L™ NaCl solution showed a pseudo-passive behavior,
whereas in the other concentrations, there is no indication of resistance to the anodic
reactions of metal dissolution. The pseudo-passive behavior is explained by the remaining
of oxide film on large areas of the surface. The observation of localized corrosion
developing under open circuit potential conditions shows that the anodic polarization curve
in the solution of lowest concentration proves that it is a pseudo-passive behavior. For an
overpotential of -0.1 V, the comparison of the current densities for the three solutions
shows that, for the 0.001 mol L™ NaCl solution, the value is in the order of 107 A / cm?,
while for the other solution of higher chloride concentrations is in the range of 10* A / cm2.
Ambat et al [17] also observed that the increase in the concentration of chloride ions shifts
the anodic curve to higher values of current density.
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Figure 7 - Anodic polarization curves for the AA2198-T8 alloy exposed to 0.001 mol L™;
0.005 mol L™; 0.01 mol L™ NaCl solutions.

After anodic polarization the attacked surface by oxidation reactions were
compared, Figure 8. The main type of attack of the surfaces in both solutions was the SLC
and the proportion of attacked regions in the solution of highest concentration was
significantly higher than in the solution of lowest concentration. At higher magnification
images it was seen that it led to grain consumption.
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Figure 8 - Surface of the AA2198-T8 alloy after anodic polarization in (a) 0.001 mol L™
and (b) 0.01 mol L™ NaCl solutions.

The preservation of passive film on large areas of the surface in the specimens
exposed to 0.001 mol L™ NaCl solution was confirmed by cyclic voltammetry (Figure 9).
The smallest hysteresis area was obtained for the lowest chloride concentration solution in
contrast with the solution with the highest concentration (0.01 mol L™ NaCl) and highest
hysteresis area. In fact, a breakdown potential was not found in the 0.001 mol L™ NaCl
solution, while it was clearly identified in the solutions of higher concentrations. Also the
highest current density after breakdown was related to the highest concentration solution.
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Conclusions

Immersion tests of the AA2198-T8 alloy in solutions of three different concentrations of
chloride showed that in solutions of low ions concentration, severe localized corrosion sites
developed faster and in higher amounts which are likely due to the high resistivity of the
solution between anodic and cathodic sites. A pseudo-passive behavior was related to the
solution of lowest concentration. In summary, improved corrosion resistance was related to
the sample exposed to the lowest concentration solution. The highest potential and the large
oscillations in the solution of lowest chloride concentration along the 24h of test shows that
localized attack is favored in this solution and it is continued for long periods of test. It is
noteworthy that the global electrochemical tests do not differentiate the response of LC and
SLC, consequently, to study this kind of alloy, localized techniques are necessary to better
understanding the mechanism of corrosion.
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