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A B S T R A C T   

The formation process of a lithium-based conversion layer on AA2024-T3 and its corrosion protective behavior 
are studied using electrochemical noise (EN). Wavelet transform, as well as noise resistance analysis, have been 
employed to interpret the EN data. The EN data confirmed five different stages during the conversion layer 
growth, accompanied by anodic dissolution, increasing corrosion protection of the conversion layer, and 
adsorption, growth and desorption of hydrogen bubbles simultaneously. The detachment of hydrogen bubbles, 
localized and uniform corrosion generate different features in the EN signals with energy maxima in high, in-
termediate and low frequency bands, respectively. In addition, EN results show that the lithium-based conversion 
layer still provides efficient protection after re-immersion in a corrosive environment, even though localized 
damage occurs. Moreover, the EN data corresponds well with the morphological layer formation and breakdown 
observed with microscopy techniques. The results demonstrate that EN is a powerful tool to provide continuous 
time- and frequency-resolved information about inhibition efficiency.   

1. Introduction 

Aluminium alloys widely applied in the aerospace industry, such as 
AA2024-T3, are highly susceptible to localized corrosion in aggressive 
aqueous solutions. The main reason is the inhomogeneous distribution 
of copper-rich intermetallic particles, significantly improving the alloys’ 
mechanical properties [1–3]. Generally, to extend the service life of 
aluminium alloys, the use of inhibitors is one of the most common 
methods for corrosion protection [4–6]. 

Over the last decades, the most commonly used technologies to 
enhance the corrosion protection of aluminium alloys are based on 
hexavalent chromium chemistries, including chromate-based inhibitors 
and conversion coatings [7]. However, due to the high toxicity and 
carcinogenicity of these compounds, the REACH Regulation of the Eu-
ropean Union has decided to restrict the usage of hexavalent chromium 
[6]. Currently, many alternative strategies for developing chromate-free 
inhibitors are proposed. These inhibitors can be divided into several 
categories, including oxo-anionic, cationic, metal, metal oxide, and 
organic inhibitors [8]. While several approaches have been reported to 
achieve promising results, relatively few single or mixed inhibitors 
exhibit similar protection efficiency compared with 

chromate-containing systems [9,10]. Lithium salts have drawn exten-
sive attention for replacing hexavalent-chromium-based corrosion in-
hibitors due to their robust passivating capability on various aluminium 
alloys over the recent years [8,11–15]. The earliest report on the 
passivation function of lithium salts dates back to 1987, when Gui and 
Devine [16] showed that AA6061-T6 in an alkaline lithium carbonate 
solution presented passivity under anodic polarization stimulation. 
Later, Buchheit et al. [17] observed that Li-Al layered double hydroxide 
(LDH) coatings formed by alkaline lithium salt immersion followed by a 
low-temperature heat treatment in air or water was capable of providing 
favourable barrier properties as compared to traditional chromate 
conversion coatings. The supersaturation of aluminate ions in the solu-
tion seems to be an essential step for the formation of the conversion 
layer. In 2010, Visser and Hayes [18,19] developed a novel coating 
system where lithium salts are incorporated into organic coatings, 
serving as a leachable inhibitor to provide active and irreversible 
corrosion protection. 

Morphological and compositional variation of the lithium conversion 
layer during immersion has been well studied [20,21]. It was revealed 
that lithium ions are distributed evenly throughout the conversion layer, 
resulting in a multi-layered structure. The composition of the 
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multi-layered structure varied in the artificial defect in the organic 
coating due to the differences in the local environment. Usually, the 
conversion layer consisted of a top columnar layer composed of Li-Al 
LDH and a dense inner layer composed of an amorphous 
lithium-containing pseudoboehmite phase [20]. In addition, a porous 
intermediate layer which contains both amorphous and crystalline 
compounds may also appear in some local regions inside the defect [20]. 
To evaluate the lithium-based conversion layer formation on 
AA2024-T3 in a lithium carbonate solution containing chloride ions, 
Visser et al. set up an electrochemical cell to mimic the local aqueous 
environments of a scribed area [14]. Three consecutive stages, including 
oxide thinning, hydroxide film formation and layer growth were pro-
posed with the additional supporting evidence from compositional and 
morphological observations. 

Moreover, Kosari et al. [22] investigated the local layer formation 
process with sub-micron resolution at and around intermetallic particles 
on AA2024-T3. The entire layer formation process (including a 
columnar outer layer and an inner dense layer out of a 7 h exposure) was 
divided into five stages. Top-view and cross-sectional observations, 
supplemented with the recorded open circuit potential (OCP), eluci-
dated the conversion layer formation process consisting of five distinct 
stages. The entire conversion layer formation process evolves morpho-
logically, compositionally and electrochemically. AA2024-T3 surface 
does not acquire obvious passivation at stages I and II, during which the 
passivation is lost and active matrix dissolution, and dealloying of 
intermetallic particles occurs. The conversion layer formation and 
growth are mainly associated with the later stages (stage III to stage V). 
Kosari et al. [22] also found that the passivation process is not syn-
chronized between the aluminium matrix and different intermetallic 
particles. It was found that the columnar layer formation process on the 
S-phase preceded that on the aluminium matrix and on other types of 
intermetallic particles due to the higher electrochemical activity and 
faster dissolution rate the of S-phase, leading to an earlier local super-
saturation of aluminate ions and the formation of a columnar layer over 
the S-phase. 

An extensive number of traditional electrochemical techniques like 
linear polarization resistance (LPR) and electrochemical impedance 
spectroscopy (EIS) have been applied to evaluate the corrosion protec-
tive properties of the lithium-based conversion layer [14,19,23]. How-
ever, these measurements only presented electrochemical information 
at several discrete time points. Therefore, rapid electrochemical re-
actions might not be identified. In other words, a detailed continuous 
and time-resolved evolution of electrochemical reactions during the 
formation process of the lithium-based conversion layer has not been 
studied and discussed to a large extent yet. Electrochemical noise (EN) is 
a technique which records a potential and current signal simultaneously 
and continuously without external perturbation of the system. The 
capability to monitor rapidly changing electrochemical processes has 
been reported in prior studies [24–28]. EN has been successfully applied 
to study conversion layer formation on different metals. For example, 
Tan et al. [29] investigated the chromate conversion coating (CCC) 
formation process on aluminium using EN analysis and proved that CCC 
protection only was established after ageing treatments. Liu et al. [30] 
studied the in-situ formation process in the time and frequency domain 
of a stannate CC on AZ91D magnesium alloys. It revealed that there were 
two separate stages including an incubation stage accompanied by the 
nucleation and nuclei dissolution process, and a periodical growth stage 
consisting of hemispherical particles growth and dissolution during the 
CC formation process. 

In this paper, EN is applied to investigate the lithium-based con-
version layer formation process in-situ and continuously, using wavelet 
transform and noise resistance analysis. In addition, EN was employed to 
study the irreversibility behavior of the lithium-based conversion layer 
in a neutral sodium chloride solution. 

2. Experimental methods 

2.1. Materials and experimental set-up 

A single commercial bare AA2024-T3 sheet provided by Goodfellow 
in 0.8 mm thickness served as working electrode material. A commercial 
pure Al sheet (99.999% purity) of 1 mm thickness was used for control 
experiments. Two identical specimens with a size of 8 mm × 20 mm 
were cut out from larger panels. The two samples were embedded in 
epoxy resin at an interdistance of 2 mm after spraying a primer at four 
edges to avoid crevice corrosion. Later, the embedded sample was san-
ded up to grit 4000 with SiC paper and then left in ambient environment 
for 24 h before the experiments. The pure Al samples were polished on a 
soft cloth using alumina slurries of 0.5 μm and 0.05 μm after sanding. 
The adhesive copper tape was connected to both samples separately for 
electrical connection. In this electrochemical cell, two identical exposed 
working electrodes were created by covering the working electrode 
surfaces using a water-proof tape with a round hole of 10 mm diameter. 
Then an O-ring with a diameter of 10 mm was fitted to the round defect 
of tape and pressed by a PMMA cell to hold the electrolyte. Laboratory- 
grade chemicals used in this work were ordered from Sigma-Aldrich (St. 
Louis, MO, USA). 

The measurements were performed in a traditional three-electrode 
system which contains two identical working electrodes and a satu-
rated Ag/AgCl reference electrode. All measurements were conducted 
under open circuit potential conditions. In order to mimic the liquid 
environment on exposed coupons from previous work [22], 321 μL 
electrolyte containing 0.01 M NaCl and 0.01 M Li2CO3 (pH 10.9) was 
added into the reaction cell to provide a relatively thin film (approx. 4 
mm), as illustrated in Fig. 1. Electrolyte containing 0.01 M NaCl and 
0.01 M Na2CO3 (pH 11.0) was used to compare the behavior of 
AA2024-T3 in the electrolyte with or without lithium ions. 

All experiments were performed in the open air. The exposure 
duration time for coupons to the electrolyte was 14500s and the room 
temperature was controlled at 20 ℃. A Compactstat from Ivium Tech-
nologies was used to record current and potential signals simulta-
neously, serving as a zero resistance ammeter (ZRA in Fig. 1) and 
potentiometer (E in Fig. 1). The Compactstat was put into a Faradaic 
cage to avoid the influence of electromagnetic disturbance caused by 
external sources. The Compactstat was controlled by a Windows-based 
PC software. The sampling frequency chosen for this work was 20 Hz 
and a low-pass filter of 10 Hz was used to avoid aliasing. The EN data 
were processed using Matlab from MathWorks. Morphological infor-
mation was obtained using a JEOL JSM-6500F field emission scanning 
electron microscope (SEM) with the secondary electron detector using 
an acceleration voltage of 15 kV at a working distance of 10 mm. All 
experiments were performed at least in triplicate, while the results 
shown in the supporting document were performed at least two times. 

Fig. 1. Layout of the electrochemical cell.  
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2.2. EN analysis 

Many natural signals are nonstationary and nonlinear, producing a 
direct current (DC) drift in the raw signals [31]. DC drift is visible as a 
variation of statistical parameters over time, e.g., a slow alteration of a 
system under investigation over time. A possible cause of DC drift in the 
electrochemical current noise could be an increasing asymmetry be-
tween working electrodes over the course of a measurement [32,33]. 
The low frequency contribution generated by DC drift may cause inac-
curate and false results on the outcome of data analysis and should be 
removed prior to further data analysis [31]. There are various methods 
suitable for this purpose, like moving average, polynomial and linear 
trend removal, wavelet analysis and empirical mode decomposition 
[25]. Linear detrending is firstly excluded since this technique is likely 
to leave behind part of the DC drift. Moving average trend removal 

(MAR) is also not highly recommended [34]. Estimating nonuniform 
drift over longer timeframes is very difficult using MAR, which may 
drastically reduce the analysed frequency range. MAR may therefore 
lead to inaccurate standard deviation data. For polynomial detrending, 
the main disadvantage is the user-defined parameter of the polynomial 
order: a higher order may attenuate the lowest frequencies that can still 
be attributed to corrosion. In addition, it is difficult to select an optimal 
polynomial degree automatically. Therefore, considering the drawbacks 
of these traditionally used trend removal methods, wavelet analysis, a 
commonly used time-frequency method for trend removal [31], is cho-
sen in this study. An eight-level discrete wavelet decomposition with a 
Daubechies 4 wavelet is reported to effectively remove the DC trend on 
the one hand, while maintaining the useful corrosion information on the 
other hand. [31,35,36]. In this work, all trend removal was performed 
using this method. 

Fig. 2. EN current and potential signal for AA2024-T3 exposed in (a) 0.01 M NaCl and 0.01 M Li2CO3 solution, and (b) 0.01 M NaCl and 0.01 M Na2CO3 for a 
duration of 14,500 s. 
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Noise resistance, defined as the ratio between the standard de-
viations of the potential and current fluctuations after trend removal, is 
expected to be close to the DC limit of the polarization resistance [37, 
38]. In general, the time window for the calculation of standard de-
viations has a fixed size. If a moving time window which is shorter than 
the total recording time is employed, the noise resistance varies as a 
function of time. 

As a mathematical tool, wavelets have been widely used to extract 
information from many different types of data, including e.g., audio 
signals and images [25]. In this paper, an analytic Morlet wavelet was 
used to generate the continuous wavelet transform (CWT) spectrum. A 
CWT spectrum simultaneously presents the energy distribution in the EN 
signal over time and frequency. For the CWT process, the signal was 
matched to a series of compressed or stretched versions of a wavelet by 
shifting the wavelet along the time axis. Compressing or stretching a 
wavelet is referred to as scaling, corresponding to the scaling parameter. 
Generally, CWT coefficient C (a, b) is acquired by continuously varying 
the values of the scale parameter “a”, and the position parameter “b”. 
Scale parameter “a” corresponds to frequency and position parameter 
“b” denotes time. The amplitude, representing the local energy of the 
signal, is calculated and then plotted against scale parameter “a” and 
position parameter “b” to generate a time-frequency plot. Discrete 
wavelet transform (DWT) involves a similar process. The difference 
between CWT and DWT lies in the scaling factor and the time points. For 
the CWT, an arbitrary scaling factor is used and each scaled wavelet is 
shifted quasi-continuously along the time axis. However, the scaling 
factor for DWT is always two. In this way, DWT is more computation 
efficient. As a result, the CWT spectrum appears smoother as compared 
to an energy distribution plot from DWT [39]. 

2.3. Irreversibility and corrosion protection 

The irreversibility properties and protectiveness of the lithium-based 
conversion layer were also assessed using EN. To generate a relatively 
uniform and compact conversion layer, hydrogen bubbles from the 
alkaline bath were removed by gently stirring the electrolyte every 10 
min until no visible bubbles were left on the sample surfaces. After each 
initial exposure to the electrolyte, the solution was removed immedi-
ately. The exposed sample surface was rinsed gently using 0.01 M NaCl 
for 1 min to remove the residual lithium carbonate entirely. Then a 
volume of 0.321 μL 0.01 M NaCl solution was refilled to the 

electrochemical cell. The reimmersion period also lasted for 14,500 s. 

3. Results and discussion 

3.1. EN data analysis and morphological characterization 

The current and potential noise signals were recorded simulta-
neously as described in Section 2.1. Fig. 2a and b show the EN raw data 
obtained for the experiments on 0.01 M NaCl-0.01 M Li2CO3 (NaCl- 
Li2CO3) and 0.01 M NaCl-0.01 M Na2CO3 (NaCl-Na2CO3), respectively. 
The potential signals both exhibit a quick drop and then a gradual in-
crease. In contrast, the current signals both present a large value with 
significant oscillations at the start which gradually reduce over time. 

According to previous studies [14,22], steady passivation occurred 
during the alkaline bath immersion both in the NaCl-Li2CO3 and in the 
NaCl-Na2CO3 system. The passivation process can be divided into five 
different stages according to the potential variation. For the EN behavior 
of the AA2024-T3 sample exposed in NaCl-Li2CO3 solution, the potential 
has a sharp decrease to a minimum of − 1408 mV during the first 60 s, 
accompanied by a relatively large current value of several microamperes 
(Stage I). Later, several potential increases follow. The first potential rise 
reaches a small plateau of − 1225 mV at t = 700 s, where the current 
signal also presents a sharp alteration with small spikes (Stage II). The 
second potential rise reaches approximately − 1000 mV at t = 3000 s, 
representing stage III. In this stage, the amplitudes of the current fluc-
tuations gradually decay to a level of several tens of nanoamperes. The 
third rise in the potential is associated with stage IV, where potential 
values gradually reach up to –600 mV at t = 5400 s and the current 
values slightly decrease but are still in the same order of magnitude as 
the current fluctuations in stage III. Finally, the system reaches a rela-
tively stable state where the potential slowly reaches up to − 400 mV 
after an immersion period of 14500s. The current reaches a value of less 
than 10 nA (stage V). 

Similarly, the signal variation of the AA2024-T3 sample exposed in 
NaCl-Na2CO3 electrolyte (Fig. 2b) presents a sharp initial potential 
decrease and four sequential potential rises as well. The potential 
initially drops to − 1385 mV at t = 80 s (stage I) and then reaches a 
plateau value of − 1170 mV at t = 1400s (stage II). Stage III shows a 
stable potential at around − 1170 mV, while the current signal fluctuates 
significantly. Stage IV starts at t = 7200 s with an “S” shape potential rise 
and ends when the potential reaches − 240 mV at t = 12000s. The 

Fig. 3. Top-view SEM images of the AA2024-T3 surface exposed in 0.01 M NaCl and 0.01 M Li2CO3 at different exposure times: (a) 60 s; (b) 200 s; (c) 700 s; (d) 
2000s; (e) 4000 s; (f) 14,500 s. 
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current value gradually decreases to a stable value of several tens of 
nanoamperes during this stage. During stage V, the system reaches a 
stabile state where the potential slightly changes to − 200 mV, while the 
current value does not present an obvious change as compared to the 
late fourth stage. According to the studies of Kosari et al. [22], local 
supersaturation of aluminate ions firstly occurs on the S-phase during 
the second stage, leading to the growth of a columnar-like conversion 
layer at the location of the S-phase in the existence of lithium ions. This 
local passivation explains why the potential value of the small plateau 
shown in Fig. 2a is slightly higher than that of Fig. 2b. 

3.2. Morphological characterization 

The surface of the samples was analysed by SEM at the different 
stages identified during the EN analysis. Fig. 3a–f show top-view SEM 
images of the AA2024-T3 surface after different periods of exposure to 
0.01 M NaCl + 0.01 M Li2CO3 solution. The time intervals include t = 60 
s (late first stage), t = 200 s (early second stage), t = 700 s (late second 
stage), t = 2000s (third stage), t = 4000 s (fourth stage), and t = 14500s 
(fifth stage). After the initial immersion period (Fig. 3a and b), a 
roughened morphology appears on the sample surface, indicating 
corrosion of the alloy matrix. The alloy surface experiences dissolution 
of the oxide film in the first stage, followed by dissolution of the 
aluminium matrix and dealloying of intermetallic particles at the second 
stage [22]. After 700 s (Fig. 3c), more severe corrosion is observed, but a 
columnar-like morphology starts to appear at the late second stage. The 
growing columnar outer layer explains the gradual decrease of the 
current signal at the third stage, since the protective layer gradually 
inhibits the diffusion of corrosive ions and the dissolution of the matrix. 
A clearer columnar structure is observed on the alloy surface after an 
exposure of 2000s (Fig. 3d). With increasing exposure time (Fig. 3e and 
f), the columnar outer layer keeps growing in harmony with a dense 
inner layer providing an enhanced corrosion protection [14]. This cor-
responds to the EN signals of Fig. 2a, which shows a diminishing EN 
current and a higher OCP. 

Fig. 4a–e show SEM images for the exposure to 0.01 M NaCl + 0.01 M 
Na2CO3 solution at t = 80 s (late first stage), t = 1400s (second stage), t 
= 4000 s (third stage), t = 10000s (fourth stage), and t = 14500s (fifth 
stage). In this case, a typical corrosion-attack morphology of the 
aluminium matrix in alkaline environments is present [40]. Irregular 
corrosion products cover an increasing number of locations at the 

surface with immersion time. Although this corrosion product layer still 
inhibits the dissolution of the matrix to some extent, its protective effect 
is far less effective as compared to the lithium-containing conversion 
layer (shown in Fig. 2). 

To avoid the interference of low-frequency energy and to focus on 
the transient signals appearing in the current signal, Fig. 5a and b show 
the raw data from 0 to 3000 s after trend removal for the samples 
exposed in NaCl-Li2CO3 and NaCl-Na2CO3 electrolyte, respectively 
(Detailed views of the timeframe between 600 s and 700 s of Fig. 5a and 
b are shown in Fig. 5a’ and Fig. 5b’, respectively). 

In the presence of lithium ions, the current signal oscillations mainly 
appear in the first 1000s, followed by a relatively stable passive state. 
This indicates that localized electrochemical reactions mainly occur in 
the initial alkaline bath immersion period and that lithium ions are 
beneficial for the passivation and stabilization of the corroding surface 
of AA2024-T3. However, for the measurements without lithium ions, 
transient oscillations last considerably longer, which means that the 
corrosion process proceeds without effective suppression. The potential 
signals for both immersion conditions appear to exhibit nearly the same 
shape without noticeable oscillations, except for the first 100 s. Another 
interesting finding is that two types of transients appear, each with a 
distinct time span. The high frequency transients (type I) usually last no 
more than 0.5 s, while the duration of the intermediate frequency 
transients (type II) is usually in the order of several seconds. Both 
transient types correspond to different phenomena. This will be dis-
cussed in detail later. 

As a statistical parameter, the value of the noise resistance is 
inversely proportional to the corrosion rate [29,38,41]. Fig. 6a and b 
show the variation of noise resistance as a function of time in the 
NaCl-Li2CO3 and NaCl-Na2CO3 solution, respectively. The calculated 
noise resistance values for the two different systems are both relatively 
smooth and low at the beginning, owing to the highly corrosive alkaline 
electrolytes. This is followed by an increasing trend, along with 
increasing fluctuation amplitudes. It is evident that the action of lithium 
ions increases the noise resistance of AA2024-T3. In addition, the in-
crease of the noise resistance occurs earlier as compared to the case 
without lithium ions, indicating that surface passivation in the electro-
lyte containing lithium ions precedes the process of the benchmark 
group without lithium ions. This corresponds well with the morpho-
logical observations. The noise resistance in Fig. 6a is still relatively 
small at the early third stage, indicating that the sample surface is not 

Fig. 4. Top-view SEM images of the AA2024-T3 surface exposed in 0.01 M NaCl and 0.01 M Na2CO3 at different exposure times: (a) 80 s; (b) 1400s; (c) 4000 s; (d) 
10000s; (e) 14,500 s. 
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Fig. 5. EN current and potential signal after trend removal of samples exposed in (a) 0.01 M NaCl and 0.01 M Li2CO3 solution, and (b) 0.01 M NaCl and 0.01 M 
Na2CO3 solution for a duration of 3000 s. Fig. 5(a’) and (b’) Detailed views of the timeframes between 600 s and 700 s of Fig. 5(a) and (b), respectively. 
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yet fully covered by the conversion layer. In this case, the columnar 
structure cannot fully inhibit the diffusion of corrosive electrolyte. With 
the growth of the columnar structure and the increasing coverage of the 
conversion layer, the noise resistance increases. The noise resistance in 
the fourth and fifth stages mainly indicates a passive state and full 
coverage of the conversion layer. The noise resistance steadily increases, 
but with more significant oscillations due to the competitive growth and 
dissolution of the substrate [8,14,22]. 

In order to study the temporal evolution and the dominant corrosion 
process simultaneously, Fig. 7a and b show the CWT spectrum of the EN 
current for AA2024-T3 samples exposed in NaCl-Li2CO3 and NaCl- 
Na2CO3 from 0 to 1500 s in the time-frequency domain and the corre-
sponding optical images after an immersion period of 14500s, 

respectively. 
As shown in the spectra and indicated in red, most of the energy is 

concentrated in the low-frequency band, below 10− 2 Hz. This is due to 
the fast uniform dissolution, which is typical for aluminium alloys that 
are exposed to highly corrosive alkaline electrolytes. Different local 
maxima are present in the high-frequency band, above 1 Hz, and are 
expected to be caused by the detachment of hydrogen bubbles from the 
AA2024-T3 surface. A fresh surface that was initially protected by the 
bubble is suddenly exposed to the corrosive solution, causing an increase 
of the exposed area. This leads to a sudden increase in the current. Video 
evidence for the bubble detachment and the corresponding high- 
frequency transient occurrence is shown in Movie S1 and Fig. S1. The 
number of high-frequency transients of samples exposed to NaCl- 

Fig. 6. Noise resistance calculated for AA2024-T3 electrodes immersed in (a) 0.01 M NaCl and 0.01 M Li2CO3 solution, and (b) 0.01 M NaCl and 0.01 M Na2CO3 
solution for a duration of 14,500 s. 
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Na2CO3 electrolyte is higher than that of samples exposed to NaCl- 
Li2CO3, visible in Fig. 5. This indicates that more hydrogen bubbles 
detach in the absence of lithium ions. In addition, as shown in the cor-
responding optical figures, the quantitative difference in high-frequency 
transients is inversely proportional to the number of bubbles still present 
at the sample surface. This further proves that this type of high- 
frequency transients is related to the detachment of hydrogen bubbles. 
To avoid the interference of low-frequency energy and to make the 
transient signals appear more clearly, the EN current CWT spectra from 
Fig. 7 are plotted again in Fig. 8, after the removal of the low-frequency 
band using an eight-level Daubechies 4 wavelet. The first 100 s are 
omitted to avoid the interference of fast current variations due to the 

instability of the samples immediately after exposure to highly corrosive 
electrolytes. 

Two parallel electrochemical reactions with distinct frequencies are 
present, which corresponds well with the results in Fig. 5. For the 
samples exposed in NaCl-Li2CO3 solution, the amplitudes of these two 
reactions gradually decrease to zero in the early phase of the third stage 
(approximately 800 s). In contrast, the sample immersed in NaCl- 
Na2CO3 continuously exhibits two parallel electrochemical reactions. 
According to previous morphological and compositional studies on 
intermetallic particles of AA2024-T3, it is known that aluminium matrix 
dissolution, dealloying and copper enrichment of intermetallic particles 
are the dominant electrochemical reactions during the second stage and 

Fig. 7. CWT spectrum of the EN current for AA2024-T3 exposed in (a) 0.01 M NaCl and 0.01 M Li2CO3 solution, and (b) 0.01 M NaCl and 0.01 M Na2CO3 solution, 
from 0 to 1500 s. 
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early third stage [22]. Therefore, the intermediate frequency range of 
the EN current signal can be attributed to the dealloying of intermetallic 
particles and micro-galvanic reactions between the aluminium matrix 
and (partially) dealloyed intermetallic particles [42]. For the purpose of 
verification, the CWT spectrum of pure Al from 100 to 1500s is shown in 
Fig. S2. It is clear that high-frequency energy caused by hydrogen 
bubbles is still visible in the spectrum, whereas the amplitudes at in-
termediate frequencies are significantly lower. 

3.3. Corrosion protection evaluation of the lithium-based conversion layer 

Excellent irreversible corrosion-protective properties are an impor-
tant indicator for the long-term protection of inhibitors [19]. In order to 

verify this, the corrosion characteristics of AA2024-T3 that were pre-
viously exposed in a NaCl-Li2CO3 solution or a NaCl-Na2CO3 solution 
(further denoted as ‘treated’) are compared to bare AA2024-T3 (further 
denoted as ‘untreated’). Fig. 9a–c present the EN data for treated 
AA2024-T3 in NaCl-Li2CO3 solution and NaCl-Na2CO3 solution, and for 
untreated AA2024-T3, all three exposed in 0.01 M NaCl solution, 
respectively. Their corresponding top-view SEM observations are shown 
in Fig. 10. 

For the treated sample in NaCl-Li2CO3, the potential initially de-
creases to almost − 1000 mV and then gradually increases to nearly 
− 300 mV. The initial potential drop may be attributed to the release of 
the residue of carbonate ions that are incorporated into the columnar 
sublayer of the conversion layer or limited dissolution of the Li- 

Fig. 8. CWT spectrum of the EN current after removal of the DC drift for AA2024-T3 exposed in (a) 0.01 M NaCl and 0.01 M Li2CO3, and (b) 0.01 M NaCl and 0.01 M 
Na2CO3, from 100 to 1500 s. 
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Fig. 9. EN current and potential signal for (a) AA2024-T3 treated in 0.01 M NaCl and 0.01 M Li2CO3 solution for 14500s, and (b) AA2024-T3 treated in 0.01 M NaCl 
and 0.01 M Na2CO3 solution for 14,500 s, and (c) untreated AA2024-T3 exposed in 0.01 M NaCl solution for 14,500 s. 
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intercalated LDH/pseudoboehmite, which causes a local alkaline envi-
ronment. At a later stage, the potential gradually increases due to the 
consumption or dilution of carbonate ions. The pH variation during the 
re-immersion period also indicates that the solution turned into a weak 
alkaline condition with time (Fig. S4). Finally, an instantaneous poten-
tial drop occurs, after which the potential remains at a relatively stable 
value at around − 450 mV. Similarly, the current signal exhibits an 
obvious passive state before the sudden potential drop, with negligible 
fluctuations and a low DC value. After this drop, the current abruptly 
increases and reaches a relatively stable value of approximately 50 nA. 
From Fig. 10a, obvious pitting cannot be observed. Corrosion activity 
after the breakdown of the conversion layer is likely to occur mainly 
underneath the outer columnar layer. For AA2024-T3 specimens treated 
in NaCl-Na2CO3 solution, the porous corrosion product layer cannot 
prevent the alloy surface from corrosion attack at all. 

On the contrary, the porous layer even promotes further corrosion 
since the current signal shown in Fig. 9b shows an even higher net value 
than untreated AA2024-T3 shown in Fig. 9c. Cracks at certain locations 
are present under the formed corrosion products, indicating localised 
corrosion processes (Fig. 10b). For untreated AA2024-T3, the potential 

initially increases due to the dealloying of intermetallic particles. This is 
followed by a copper enrichment and redistribution process [26,42]. At 
a later stage, the potential signal gradually stabilizes at around − 440 
mV, which is close to the potential value of the treated samples in 
NaCl-Li2CO3 after the sudden potential drop, and to the potential value 
of the treated samples in NaCl-Na2CO3 solution. From Fig. 10c, it is 
obvious that corrosion mainly occurs around intermetallic particles. 
Therefore, it can be concluded that the drastic potential drop results 
from the breakdown of the lithium-based conversion layer by chloride 
ions exposing the underlying AA2024-T3 substrate. 

To investigate the difference in the time-frequency domain of sam-
ples with and without the protection of the lithium-based conversion 
layer, Fig. 11a–d present the CWT spectra of the EN potential noise for 
samples treated in NaCl-Li2CO3 solution within a timeframe of 2000 s 
before and after the breakdown, for samples treated in NaCl-Na2CO3 
solution and for untreated AA2024-T3, respectively. 

Treated AA2024-T3 samples in NaCl-Li2CO3 solution exhibit an 
obvious passive state from 2000 to 4000 s owing to the protection 
provided by the lithium-based conversion layer (Fig. 11a), while meta-
stable and stable pitting events are observed after the drastic potential 

Fig. 10. Top-view SEM images of the AA2024-T3 surface (a) treated in a 0.01 M NaCl and 0.01 M Li2CO3 solution for 14,500 s, (b) treated in a 0.01 M NaCl and 0.01 
M Na2CO3 solution for 14,500 s, and (c) untreated AA2024-T3 exposed in a 0.01 M NaCl solution for 14,500 s. 

Fig. 11. CWT spectrum of the EN potential noise for AA2024-T3 treated in NaCl-Li2CO3 solution exposed in 0.01 M NaCl solution from (a) 2000 to 4000 s and (b) 
10,000 to 12,000 s. CWT spectrum of the EN potential noise for AA2024-T3 treated in NaCl-Na2CO3 solution (c) and untreated AA2024-T3 (d) exposed in 0.01 M 
NaCl solution from 10,000 to 12,000 s. 
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drop between 10,000 and 12,000 s (Fig. 11b). This is caused by the local 
breakdown of the conversion layer by chlorides. However, for samples 
treated in NaCl-Na2CO3 (Fig. 11c) and untreated specimens (Fig. 11d), 
the dominant energy contribution in the CWT spectra is associated to 
stable pitting. In other words, the pitting corrosion process is less likely 
to stop once it is triggered by corrosive ions without the protection of the 
lithium-based conversion layer. This explanation also corresponds well 
to Fig.10, since no obvious pitting is observed when the alloy surface is 
covered by the lithium-based conversion layer. Therefore, in the pres-
ence of the lithium-based conversion layer, even though localized 
corrosion occurs at the surface, there is a more significant change that a 
certain percentage of the pitting process is still supressed by the con-
version layer. This leads to a combination of metastable- and stable 
pitting corrosion. 

Moreover, to quantitively investigate the corrosion protection 
capability of the lithium-based conversion layer, Fig. 12 shows the noise 
resistance variation as a function of time of untreated AA2024-T3, 
treated AA2024-T3 in NaCl-Na2CO3 solution and NaCl-Li2CO3 solution. 

As seen in Fig. 12, the noise resistance of the samples protected by 
the lithium-based conversion layer increases slightly over time before 
the breakdown, followed by a sudden drop, which remains at a relatively 
stable value. However, the resistance of the sample with the lithium- 
based conversion layer after the breakdown of the conversion layer is 
still nearly an order of magnitude larger than that of samples treated in 
NaCl-Na2CO3 and of untreated AA2024-T3 samples. This confirms that 
the lithium-based conversion layer is still able to provide corrosion 
protection toAA2024-T3, even while local conversion layer breakdown 
occurs. 

4. Conclusions 

Electrochemical noise has been proven to be a powerful technique to 
obtain in-situ, frequency- and time-resolved information about the 
lithium-based conversion layer formation mechanism and its robust 
protectiveness. The following conclusions were drawn:  

(a) The detachment of hydrogen bubbles, localized and uniform 
corrosion generate different features in the EN signals with 

energy maxima in high, intermediate and low frequency bands, 
respectively;  

(b) Hydrogen evolution, trenching of the matrix and dealloying of 
intermetallic particles are dominant localized electrochemical 
reactions occurring simultaneously in the first two stages and in 
the early third stage. After that, the growth of a passive conver-
sion layer is the dominant process;  

(c) Lithium ions favour the stabilization of corrosion products and 
significantly delay the corrosion degradation of AA2024-T3;  

(d) The lithium-based conversion layer is still protective after re- 
immersion in a NaCl containing electrolyte where lithium ions 
are absent, despite the local breakdown of the protective film. 
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Fig. 12. Noise resistance calculated for AA2024-T3 treated in NaCl-Li2CO3 solution (yellow), in NaCl-Na2CO3 solution (red) and for untreated AA2024-T3 electrodes 
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