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A B S T R A C T   

Scanning electrochemical microscopy (SECM) is employed to characterize the evolution of local electrochemical 
surface activity during lithium-based conversion layer formation on legacy aerospace aluminium alloy AA2024- 
T3. Initially, three types of studied intermetallic particles - S-, θ- and constituent phases - act as active cathodic 
areas. Subsequently, θ- and constituent phases show passivation preceding that of S-phase particles during the 
later conversion layer formation stages. The entire surface, including the matrix region, shows a higher reactivity 
at the beginning and then gradually shows decreasing reactivity. Hydrogen evolution-generated bubbles attach 
to the alloy surface and locally hinder the conversion layer formation, weakening the corrosion protection the 
conversion layer provides at those locations.   

1. Introduction 

The 2xxx and 7xxx series of heat-treatable wrought aluminium al-
loys, representing Al–Cu–(Mg) and Al–Zn–Mg(–Cu) systems, respec-
tively, have been widely applied in high-performance structural 
aerospace and transportation applications owing to their high strength- 
to-weight ratio, good elastic stiffness, excellent ductility, modest price 
and very good manufacturability [1–4]. However, the lack of sufficient 
corrosion resistance in harsh environments due to the heterogeneous 
distribution of intermetallic particles (IMPs) restricts their practical use 
without pre-treatment [5,6] and active protective coatings [7,8]. In 
Al–Cu–Mg alloys, IMPs nominally include three broad particle classes: 
dispersoids, precipitates, including S-phase (Al2CuMg) and θ-phase 
(Al2Cu), and constituent particles [5,9]. Precipitates form during heat-
ing operations in the solid state due to variations in the alloying solid 
solubility with temperature and have an age hardening effect. Constit-
uent phases are nominally >1 μm in size and have compositions often 
enriched in transition metals including Al, Mn, Fe, Cu and Si in various 
ratios. S-phase particles typically exhibit a higher electrochemical ac-
tivity as compared to other IMPs [10]. Corrosion protective measures 
based on surface treatment and organic coating application have been 
widely implemented in industrial practice due to their cost effectiveness, 
versatility and relatively simple application process characteristics 

[11–13]. 
Lithium salts are considered a promising candidate within the range 

of environmentally friendly inhibitors loaded into organic coatings for 
the corrosion protection of aerospace aluminium alloys since 2010 
[14–17]. Leached lithium salts have been shown to form a protective 
conversion layer at an artificial coating defect during neutral salt spray 
test (ASTM B-117) [16]. Early relevant studies date back to the 1980s 
when Gui et al. [18] generated a lithium-based conversion layer by 
applying anodic polarization on AA6061-T6 panels. Rangel et al. re-
ported that such conversion layer is robust and remarkably resistant to 
chloride ion attack [19,20]. Subsequent research showed that lithium 
ions can gradually be intercalated into aluminium hydroxide when 
exposed to a highly alkaline liquid environment containing lithium salts, 
generating a stable protective film on aluminium alloy surfaces [20,21]. 
Further structural and compositional analysis carried out by Buchheit 
et al. showed that the generation of an Al-Li layered double hydroxide 
layer (LDH) contributed to the enhanced corrosion barrier performance 
[22,23]. Over the last decade, the lithium-based inhibitor coating 
technology has been well studied for both organic coating systems and 
conversion treatment of bare aluminium alloys, indicating that lithium 
salts might be a promising alternative for the replacement of Cr 
(VI)-containing inhibitor chemistries for structural aerospace applica-
tions [24–29]. 
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In prior studies, lithium-based conversion layers have been charac-
terized by linear polarization resistance (LPR) and Electrochemical 
Impedance Spectroscopy (EIS) performed at discrete time frames to 
quantify their corrosion protective properties in an aggressive solution 
at short exposure times (ranging from hours to 7 days) [28,30,31]. The 
system must maintain a relatively stable dynamic equilibrium during the 
measurements to obtain reliable data. This condition might limit the 
detection of fast-kinetic electrochemical reactions and valuable infor-
mation of the corrosion (inhibition) mechanism might be missed. This 
limitation can be overcome by applying electrochemical noise (EN) 
techniques. Instantaneous and continuous, i.e. time-resolved, informa-
tion on corrosion (inhibition) processes can be obtained, also for 
metastable and fast-kinetic electrochemical systems [32,33]. Yet, 
without spatial resolution, EIS and EN can only provide electrochemical 
information generated over the complete exposed surface area. 
Aluminium alloys typically undergo localized corrosion processes when 
exposed to aggressive environments [2,34–36] and they are highly 
related to various types of intermetallic phases [5,6,37]. Therefore, a 
local electrochemical technique is needed to adequately reveal the local 
electrochemical differences with adequate lateral resolution. For that 
purpose, the scanning electrochemical microscopy (SECM) technique is 
considered a suitable method since it harvests spatially-resolved elec-
trochemical information of a heterogeneous electroactive surface. This 
technique employs an ultramicroelectrode (UME) to probe and map the 
electrochemical activity of a local surface area of interest during expo-
sure to an electrolyte [38]. SECM has been widely applied to evaluate 
the formation of inhibitor films on aluminium alloys [39], the hetero-
geneous electrochemical properties of aluminium alloys at IMP con-
taining areas [40,41], and the electrochemical activity at an artificial 
coating defect in the absence or presence of inhibitors in the coating [42, 
43]. 

In the present work, SECM and EN techniques are applied to resolve 
the formation process of a lithium-based conversion layer spatiotem-
porally. Different stages during the conversion layer formation period 
are analysed to study the evolution of the surface electrochemical 
behaviour at a microscale level. Local areas, including IMPs and the 
adjacent aluminium matrix are compared to elucidate different stages of 
local formation during the growth of the lithium-based conversion layer. 

2. Experimental 

2.1. Materials and experimental set-up 

All working electrodes originated from a commercial grade AA2024- 
T3 sheet with a thickness of 0.8 mm (Goodfellow, UK). Rectangular 
specimens with a size of 8 mm × 18 mm are produced. Two specimens 
are embedded in epoxy resin for EN measurements to prepare identical- 
electrode samples. A detailed description of sample fabrication and the 
electrochemical cell for the preparation of the conversion layer can be 
found in previously published work [32,33]. Samples are immersed in a 
static conversion bath (0.01 M Li2CO3 and 0.01 M NaCl) for seven 
different time durations (0 s, 60 s, 200 s, 700 s, 2000 s, 4000 s, 14,500 s) 
to prepare and study the conversion layers at different formation stages. 
Formed conversion layers are washed thoroughly using deionized water, 
dried using cool air, and left in a desiccator before subsequent SECM and 
EN measurements. The purpose of this step is to quench the conversion 
layer formation process. Laboratory-grade chemicals used in this work 
were ordered from Sigma-Aldrich (St. Louis, MO, USA). 

For SECM samples, a cross-scribe is made on the conversion layers. 
This mark is used as a reference location so that both the SECM and 
scanning electron microscope/ energy dispersive X-ray (SEM/EDX) im-
ages can be matched. All specimens for SECM and EN are covered by a 
highly-impermeable sealing tape with an exposed round area of 4 mm 
diameter. Morphological information is obtained using a JEOL JSM- 
6500F field emission SEM using an acceleration voltage of 15 kV at a 
working distance of 25 mm. Backscattered electron images (BEI) and 

secondary electron images (SEI) are collected. The local chemical sur-
face composition is analysed using EDX. A schematic representation of 
the sample processing sequence is shown in Fig. 1. 

2.2. SECM instrumentation and experimental procedures 

Scanning electrochemical microscopy (SECM) is executed using 
biologic Instruments SECM model M370. A Pt disk UME (10 μm in 
diameter), with an RG (radius of the insulating glass sheath divided by 
the radius of the Pt disk) of 5, was purchased from CH Instruments Inc. 
and served as working electrode. A saturated Ag/AgCl, KCl and a Pt thin 
plate are used as reference electrode (RE) and counter electrode (CE), 
respectively. In this work, all voltages are with respect to the Ag/AgCl 
reference electrode unless otherwise stated. The SECM setup and the 
detailed apparatus are shown in Fig. 2. In addition to the high spatial 
resolution, SECM is well-known for its versatility and various operation 
modes such as feedback mode to differentiate insulating or conducting 
areas or generation/collection mode to investigate the interaction be-
tween an electroactive surface and chemical species in the electrolyte 
[38,44]. In this paper, a borate buffer solution containing 2 mM 
FcMeOH serving as mediator is used for SECM and EN measurements. 
The borate buffer is prepared using 10 mM sodium tetraborate, and then 
adjusted to pH 7.4 with 0.5 M boric acid to maintain the stability of the 
alloy surfaces during the SECM measurements [41,45–47]. Feedback 
mode data collection is utilized based on the redox mediator FcMeOH 
[41]. 

Cyclic voltammetry (CV) measurements are conducted to verify the 
cleanliness of the probe electrode with the probe held several milli-
metres away from the surface before any SECM measurement. All cur-
rent signals are normalized using the steady-state current obtained from 
the CV test (Fig. S1) for a better comparison amongst the various mea-
surements. Before SECM measurements, the stage is levelled by 
measuring a negative feedback approach curve over the covering tape. 
SECM mapping in a constant height is obtained by scanning the tip in the 
x–y plane and recording the tip current simultaneously. The distance 
between the tip and substrate is adjusted to around 5 μm employing an 
approach curve. Each measurement was performed over a working area 
of 180 μm × 140 μm with a scanning speed of 10 μm/s. For approach 
curves, the tip is moved toward the substrate surface at a velocity of 10 
μm/s (steps of 1 μm, waiting time of 0.1 s at each point). Before 
approaching, a quick mapping was performed so that local areas with 
relatively high current values were avoided to make sure that the 
approach curves were measured above the aluminium matrix. For both 
modes, the SECM tip is biased at a voltage of 0.5 V to oxidize FcMeOH 
while the substrate is maintained at open circuit potential (OCP) state. 
All experiments are performed at room temperature 22 ± 2 ◦C, in so-
lution open to the air. Experiments were repeated at least twice to 
confirm reproducibility. 

2.3. EN measurements and analysis 

For EN experiments, a two-electrode configuration is selected in this 
work. One exposed area chosen on either of the two panels is adopted to 
monitor the potential noise signal. Electrical contact is established with 
a Cu adhesive tape connected to the working electrode. The reference 
electrode used for EN is identical to that applied for SECM. Potential 
values recorded here are with respect to this reference electrode unless 
mentioned otherwise. All EN measurements are performed under open 
circuit conditions. The volume of the solution for EN measurement is 1 
mL each time. A Compactstat (Ivium Technologies) is employed to re-
cord potential signals. A Faradaic cage is used to place the Compactstat 
and the electrochemical cell to avoid interference from external elec-
tromagnetic sources. The sampling frequency is 20 Hz and a low-pass 
filter of 10 Hz was used to avoid aliasing. The EN data are analysed 
using Matlab from MathWorks. All EN tests were performed at least in 
triplicate. 
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In the EN noise, a DC component is inevitable due to the instability of 
the system and the changing outline of the electrode under corrosion 
attack. The DC component does not contain any useful information but 
generates false low frequencies and can interfere with the signal 

processing [48,49]. Therefore, the DC trend must be effectively removed 
but at the same time, useful data must be preserved as much as possible 
before data analysis. Previous researchers have proposed various stra-
tegies for trend removal, like moving average, polynomial and linear 
trend removal, wavelet analysis and empirical mode decomposition [48, 
49]. In this work, a time-frequency trend removal is adopted using an 
eight-level discrete wavelet decomposition (DWT) with a Daubechies 4 
wavelet. This method has already proven to be valid in our previous 
work [32,33]. After removing the DC component, an energy distribution 
plot (EDP) is applied to resolve the frequency range of the dominant 
energy contribution [50]. The time window from 4000 s to 6000 s is 
selected for analysis since this timeframe is within the SECM imaging 
period. Apart from around 30 min for levelling and locating the cross 
mark, SECM mapping lasts almost 90 min each time. The dominant 
energy contribution with certain time scales indicates the electro-
chemical reactions which contribute most to shape the outline of the EN 
signal. In this work, eight different time scales ranging from short, me-
dium to long correspond to activation-, mixed-, and diffusion-controlled 
processes, respectively [48]. 

Fig. 1. Sequence diagram of the experimental procedure for the SECM, SEM and EN measurements.  

Fig. 2. Schematic illustration of SECM measurement.  

Fig. 3. SECM maps of AA2024-T3 without conversion treatment obtained in a borate buffer solution containing 2 mM FcMeOH (a) and corresponding BEI image (b), 
and EDX maps for Al (c), Cu (d), Mn (e), Fe (f), Mg (g). 
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3. Results and discussion 

3.1. Early stages of the conversion layer growth 

Fig. 3 shows SECM imaging and corresponding BEI/EDX character-
ization for the unexposed sample, i.e. before being immersed in the 
conversion bath (t = 0 s). Active areas in SECM mapping and corre-
sponding IMPs are marked by black lines. FcMeOH is oxidized at the 
UME and then an enhanced current is obtained when the probe scans 
over an active region where FcMeOH+ is reduced back to FcMeOH [41]. 
Although the native oxide protective layer remains stable under a 
relatively neutral liquid environment, it is insufficient to suppress local 
electrochemical reactions occurring at the surface. The “hot spot” re-
gions observed in Fig. 3a are associated with the locations of different 
types of IMPs, as shown by SEM/EDX pictures in Fig. 3b-g. Enlarged 
images of several representative IMPs and their corresponding elemental 
compositions can be found in Fig. S2. 

According to previous studies, the electrochemical interaction be-
tween the aluminium matrix and IMPs is driven by their dissimilar 
chemical compositions [40,41]. Previous work from our team has 
characterized the morphological evolution of S-, θ- and constituent 
phases, and the adjacent aluminium matrix at the AA2024-T3 surface 
during the formation process of a lithium-based conversion layer [51]. 
Herein, the variation of local electrochemical properties at and adjacent 
to IMPs is discussed. All S-, θ- and constituent phases form active sites for 
FcMeOH+ reduction, meaning they all serve as cathodic areas when 
exposed to a borate buffer electrolyte. For the S-phase, it has been re-
ported that anodic dealloying of the active elements Mg and Al occurs 
first and then the transition from anodic to cathodic region takes place 
due to Cu enrichment [6,34,35,37]. However, the S-phase acting as 
anodic zones is not observed in this work which may be due to the 
missing local electrochemical information of the S-phase immediately at 
the start [37] since levelling and locating the cross marks takes around 
30 min before starting the SECM measurements. The presence of Mg 
shown in the EDX elemental composition maps of Figs. 3 g and S2 in-
dicates that the buffer solution used in this work is relatively mild and 
non-corrosive compared to other solutions such as Na2SO4, where Mg 
was not detected on the AA2024-T3 after short immersion experiments 
[40]. In addition, many small IMPs with a submicron size are seen in 
Fig. 3b, but their electrochemical activity cannot be distinctly located in 
Fig. 3a due to the resolution limit in this work: IMPs only larger than 2 
μm are analysed. 

Fig. 4 presents the SECM mapping and relevant SEM/EDX results for 
samples with a lithium-based conversion layer formation time of 60 s 
corresponding to the lowest OCP during the immersion period [32]. It is 
clear that the averaged current in Fig. 4a rises drastically compared to 
that shown in Fig. 3a. This phenomenon indicates a more active state 
due to the dissolution of the native oxide film by the highly alkaline 
conversion bath solution (pH = 10.9). The S-, θ- and constituent phases 
still act as strong cathodic sites but present a wider “hot spot” area 
compared to that in Fig. 3a. Larger high current regions observed in 
Fig. 4a might be attributed to the faster dealloying of the S-phase in the 
aggressive conversion solution, leading to a larger redistributed-Cu area 
[51]. In addition, it is observed that the conducting activity is not uni-
form all over the aluminium matrix region. Regions far away from IMPs 
present a relatively lower reactivity which may be due to its lower 
alloying element content [4]. 

Fig. 5 reveals the SECM imaging and matched SEM/EDX for samples 
with a lithium-based conversion layer formation time of 200 s. The S-, θ- 
and constituent phases still behave as cathodic areas, albeit less signif-
icantly. The zoomed-in image of the θ-phase and its chemical compo-
sition on the left side of the mapped region is provided in Fig. S3. The 
averaged current in Fig. 5a is even higher than that shown in Fig. 4a 
although the OCP starts rising after 60 s duration in the conversion bath 
solution [32]. Furthermore, the current distribution becomes more ho-
mogeneous as compared to the results shown in Figs. 3a and 4a. The 
observation implies a decrease of the potential difference between IMPs 
and the aluminium matrix. For IMPs, the initial growth of the conversion 
layer over the S-phase and copper enrichment for s-, θ- and constituent 
phases shift the OCP towards less negative values [51]. Similarly, noble 
elements, particularly Cu, reside in the aluminium matrix. These grad-
ually enrich the surface during the aluminium surface dissolution stage, 
which drives the OCP of the aluminium matrix to more noble values as 
well [52]. 

Fig. 6 shows the SECM mapping and corresponding BEI/EDX images 
for the sample with a lithium-based conversion layer formation time of 
700 s. The current distribution shows a heterogeneous behaviour again 
but with a lower average current in total, especially owing to the current 
contribution from the aluminium matrix. The S-, θ- and constituent 
phases still act as strong cathodic locations. The transition of the 
aluminium matrix from an active towards a passive behaviour is 
attributed to the formation of the columnar top layer [32,51], although 
the corrosion protection is still insufficient to inhibit electron exchange 
reactions. The petal-like Li-Al LDH barrier protection is too limited to 

Fig. 4. SECM maps of AA2024-T3 immersed in the conversion bath for 60 s obtained in a borate buffer solution containing 2 mM FcMeOH (a) and corresponding BEI 
image (b), and EDX elemental maps for Al (c), Cu (d), Mn (e), Fe (f), Mg (g). 
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effectively suppress the diffusion of ionic species between the alloy 
surface and electrolyte [32,51]. For the IMPs, the S-phase shows an 
insignificant growth of the conversion layer and a more severe deal-
loying, leading to a higher surface enrichment of noble elements [51]. 
Although θ- and constituent phases are electrochemically relatively 
stable compared to the S-phase, the absence of a protective conversion 
layer at this formation stage and, hence, further dealloying render these 
to act as cathodic regions as well [51]. 

It has been reported that the lithium-based conversion layer growth 
period can be divided into five stages [32,51]. Up to 700 s after expo-
sure, AA2024-T3 surface, except the S-phase does not show passivation 
(Stages I and II). Supersaturation of aluminate ions is realized at Stage III 
and the conversion layer then appears at the alloy surface. Stages IV and 
V correspond to the growth of the conversion layer and formation of the 
dense-like inner layer. The SECM results discussed above include the 
first two stages, where the alloy surface transits from an imperfect 

passive state to an active state and then gradually shifts back to a passive 
state. Initially, the alloy surface only undergoes a dissolution process, 
leading to the accumulation and supersaturation of aluminate ions 
which is the prerequisite for triggering the formation of the 
lithium-based conversion layer [24,51]. The S-, θ- and constituent 
phases act as active cathodic areas, but their potential differences 
compared to the potential of the aluminium matrix continue to change 
during the conversion layer formation process. Fig. 7 shows the SEI 
images of the alloy surface with different immersion treatments and 
corresponding SECM approach curves over the aluminium matrix. The 
results of the approach curves shown in Fig. 7e are consistent with the 
results of the surface reactivity variation through SECM mapping as 
presented before. The aluminium matrix without any conversion treat-
ment still indicates substrate conductivity to some extent, indicating 
that the native aluminium oxide film contains compositional, structural 
and electronic defects, effectively enabling electrochemical activity 

Fig. 5. SECM maps of AA2024-T3 immersed in the conversion bath for 200 s obtained in a borate buffer solution containing 2 mM FcMeOH (a) and corresponding 
BEI image (b), and EDX maps for Al (c), Cu (d), Mn (e), Fe (f), Mg (g). 

Fig. 6. SECM maps of AA2024-T3 immersed in the conversion bath for 700 s obtained at borate buffer solution containing 2 mM FcMeOH (a) and corresponding BEI 
image (b), and EDX maps for Al (c), Cu (d), Mn (e), Fe (f), Mg (g). 
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Fig. 7. SEM images for samples with a conversion treatment for 0 s (a), 60 s (b), 200 s (c), and 700 s (d), and SECM approach curves over the conversion layer 
corresponding to different immersion times in a borate butter solution containing 2 mM FcMeOH (e). 

Fig. 8. EN potential signals for AA2024-T3 initially treated in 0.01 M NaCl and 0.01 M Li2CO3 solution for (a) 0 s, (b) 60 s, (c) 200 s, and (d) 700 s, and then exposed 
in a borate butter solution containing 2 mM FcMeOH for a duration of 10,000 s. 
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occurring at its surface. With the dissolution of the oxide layer in the 
conversion bath, surface conductivity increases and reaches its highest 
level at 200 s. This is confirmed by the different behaviour of the 
approach curves. For 0 and 60 s, curves show negative feedback 
response (normalized current < 1), while for 200 s condition, the curve 
shifts to positive feedback (normalized current > 1), indicating an 
electroactive behaviour of the surface. At 700 s, the curve shows again 
non-electroactive response (negative feedback) associated with a more 
insulating surface. 

3.2. EN analysis 

EN potential signals are recorded for samples immersed for four 
different durations in the lithium-based conversion bath at early stages 
to better support the explanations for the variations of SECM mapping. 
After recording the EN raw data, an eight-level DWT trend removal was 
applied to extract the part of the signal that contains corrosion infor-
mation. Subsequently, EDP analysis was performed to reveal the domi-
nant timescales in these EN potential signals [48,49]. Fig. 8 presents the 
samples initially immersed in the conversion solution for different times 
(0, 60, 200, 700 s) and then exposed to a borate buffer solution con-
taining 2 mM FcMeOH. The potential noise evolution provides an 
indication of the surface activity and a lower potential usually indicates 
a more active surface state. It is clear that the potential signal firstly 
endures a small drop from 0 s (Fig. 8a) to 60 s formation condition 
(Fig. 8b) which is caused by the dissolution of the air-formed oxide layer 
[32]. 

Later, with the Cu enrichment over the aluminium matrix and IMPs 
[51], the potential value gradually rises (Fig. 8c). The slight potential 
decrease shown in Fig. 8d might attribute to the presence of hydrogen 
bubble-covered area which is more active compared to the uncovered 
region. A detailed discussion of the effect of attached hydrogen bubbles 
will be presented later. Time-frequency analysis can be considered as a 
suitable strategy to distinguish the local and uniform nature of electro-
chemical reactions [50]. Therefore, in this work time-frequency analysis 
is employed to investigate the nature of the potential differences and 
hence the nature of local galvanic interactions between the aluminium 
matrix and IMPs. A larger local IMP-matrix potential difference usually 

generates an EN signal where localized electrochemical reactions are 
more dominant in energy contribution. In other words, dominant energy 
bands are more likely to be manifested at a higher frequency domain. 
Fig. 9 shows the EDPs of samples with different conversion treatment 
times. D2 and D3 represent activation-controlled processes while D7 and 
D8 are related to more diffusion-controlled processes [50]. The sample 
without conversion treatment (Fig. 9a) shows the highest energy 
contribution in D7 and D8. This is probably due to the presence of the 
native oxide layer. For samples treated in the conversion bath for 60 s 
(Fig. 9b), D2 and D3 become larger and a marked decrease of D7 and D8 
is visible. When the immersion time is extended to 200 s (Fig. 9c), the 
EDP shifts back to an energy distribution similar to that of Fig. 9a. This is 
in agreement with the results shown in Fig. 5, where SECM mapping 
presents a homogeneous current distribution. Finally, the alloy surface 
retains a more heterogenous potential distribution with a longer im-
mersion time of 700 s (Fig. 9d). This is visible in the EDP as a relative 
increase of D2 and D3 again. 

3.3. Late stages of the conversion layer formation 

Three time points are chosen to represent the last three stages of the 
conversion layer formation process: 2000, 4000, and 14,500 s. Fig. 10 
shows the SECM mapping and the corresponding BEI/EDX results for the 
specimen with a conversion layer formation time of 2000 s. It is 
observed that the averaged current continues to decline and that the 
potential difference between the IMPs and the aluminium matrix drops 
as well. Another finding is that not all types of IMPs act as active cath-
odes and that three active locations, marked in Fig. 10, are all related to 
the local presence of S-phase particles. The elemental composition of 
these three active zones is listed in Fig. S4. The potential differences 
between the aluminium matrix and the θ- or constituent phases are 
almost negligible. S-phase particles serving as active sites indicate that 
the potential of the S-phase is still higher than that of the surrounding 
aluminium matrix. This is possibly related to the more severe dealloying 
as compared to that of θ- and constituent phases, since the S-phase is a 
relatively active IMP [6,37,53]. A more pronounced dealloying leads to 
a larger extent of surface enrichment of Cu and a limited surface area 
coverage by the columnar outer layer which is not the dominant barrier 

Fig. 9. Energy distribution plots of the EN current signals for AA2024-T3 immersed in 0.01 M NaCl and 0.01 M Li2CO3 solution for (a) 0 s, (b) 60 s, (c) 200 s, and (d) 
700 s, and then exposed in a borate butter solution containing 2 mM FcMeOH. Timeframes are between 4000 s to 6000 s. 
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for corrosion protection [28] is insufficient to supress electrochemical 
reactions. 

Figs. 11 and 12 show the SECM mapping and the corresponding BEI 
images for a duration of a lithium-based conversion treatment for 4000 s 
and 14,500 s, respectively. Their EDX results are shown in Fig. S5 and 
Fig. S6, respectively. After a longer exposure time, the alloy surface 
exhibits a homogeneous electrochemical behaviour; the potential 

difference between all three types of IMPs and the aluminium matrix has 
now become insignificant. This implies that the lithium-based conver-
sion layer finally reaches a relatively intact and protective state, in 
which it inhibits electron exchange reactions at the substrate surface. 
Although it was previously reported that the dense inner layer provides 
the highest corrosion protection of all sublayers and that the formation 
of this inner layer is limited over the locations of IMPs [51], the formed 

Fig. 10. SECM map of AA2024-T3 immersed in the conversion bath for 2000 s obtained at borate buffer solution containing 2 mM FcMeOH (a) and corresponding 
BEI image (b), and EDX maps for Al (c), Cu (d), Mn (e), Fe (f), Mg (g). 

Fig. 11. SECM maps of AA2024-T3 immersed in the conversion bath for 4000 s obtained at borate buffer solution containing 2 mM FcMeOH (a) and corresponding 
BEI image (b). 

Fig. 12. SECM maps of AA2024-T3 immersed in the conversion bath for 14,500 s obtained at borate buffer solution containing 2 mM FcMeOH (a) and corresponding 
BEI image (b). 
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Fig. 13. SEM images for samples with a conversion treatment for 2000 s (a), 4000 s (b), and 14,500 s (c), and probe approach curves over the conversion layer 
correspondingly in a borate butter solution containing 2 mM FcMeOH (d). 

Fig. 14. Integral EN, SEM and SECM characterization results of the different stages of the formation process of a lithium-based conversion layer immersed in a 0.01 
M NaCl and 0.01 M Li2CO3 solution for a duration of 14,500 s. The round red markers indicate seven selected time points for analysis. The EN data originates from 
our prior work [32]. 
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layer effectively suppresses electrochemical activity in this case. 
Fig. 13 shows the SEI images of the alloy surface with different im-

mersion treatments during the last three stages and the corresponding 
approach curve over the aluminium matrix. The top columnar layer 
continues to grow at a relatively low speed for longer immersion times. 
The conversion layer, formed for a duration of at least 2000s, shows a 
passive behaviour since the normalized tip current almost reaches zero 
when the tip virtually contacts the alloy surface. This indicates that the 
size of the top columnar structure reaches the required dimensions to 
hinder electrochemical reactions occurring on the alloy surface. 

Finally, SECM mapping and morphological observations can be 
linked to the EN measurement of the formation process of the lithium- 
based conversion layer which was reported previously [32]. As shown 
in Fig. 14, early stages I and II represent a rapidly changing system; the 
potential difference between the aluminium matrix and IMPs varies 
considerably, generating large amounts of current transients simulta-
neously [32]. Later, from stage III onwards, the potential difference 
gradually decreases and finally becomes negligible. Correspondingly, 
both the intensity and the number of current transients gradually 
diminish as well. 

3.4. The effect of hydrogen evolution on the protectiveness of the 
conversion layer 

Previous work has revealed that hydrogen bubbles generated from 
hydrogen evolution during the conversion layer formation attach to the 
alloy surface, although some detach from the specimen surface sponta-
neously [32]. Hydrogen bubbles locally isolate the alloy surface from the 
conversion bath solution and interrupt the growth of the lithium-based 
conversion layer. Therefore, a less well-developed conversion layer is 
formed at these locations, which is detrimental to the local corrosion 
protective properties. Fig. 15 shows an SECM normalized current map 
over a bubble-covered area after a lithium-based conversion bath for a 
duration of 14,500 s and matching SEI images. The bubble-covered area 
can be easily observed before adding the electrolyte to the SECM cell due 

to apparent colour differences (silvery white in round outline). Clearly, 
the bubble-covered area shows a higher local electrochemical activity, 
which indicates that the passivation of this area is less effective. Fig. 15b 
presents the morphological characterization and the bubble-covered 
area is marked by a red dashed line. The enlarged image of the edge 
bubble-covered area marked by the orange arrow is shown in Fig. 15c 
and central area indicated by the blue arrow in Fig. 15b is presented in 
Fig. 15d. The results show that the size of the petal-like structure of the 
columnar layer gradually shrinks in the direction toward the central 
bubble-occupied area (Fig. 15c). This indicates that the growth of the 
conversion layer stops at middle stages. As shown in Fig. 15d, the 
morphology in the central bubble-covered area is comparable to that of 
samples after a conversion bath for 700 s whose approach curve still 
indicates local surface activity, therefore manifesting insufficient 
passivation [28]. 

4. Conclusion 

The local electrochemical behaviour of the alloy surface at and 
around IMPs at different stages of the formation process of the conver-
sion layer at micrometre level was studied with SECM. At early stages 
(Stage I and II), the alloy surface does not show passivation but presents 
a rapidly changing characteristic. This largely dynamic system origi-
nates from the varying electrochemical potential differences at IMPs and 
that between the aluminium matrix and IMPs. At the last three stages (III 
to V), the potential difference gradually diminishes and finally the entire 
surface is passivated. During the conversion layer evolution process, the 
alloy surface experiences a transition from insufficient passivation to 
activation and then back to passivation. In the beginning, S-, θ- and 
constituent phases all act as active cathodic sites, and the passivation 
process of θ- and constituent phases precedes that of the S phase due to 
their higher electrochemical stability. The differences in electro-
chemical properties at the IMPs and between the aluminium matrix and 
IMPs lead to the formation of distinct structures of the protective layers 
covering the aluminium matrix and the IMPs. The evaluation of their 

Fig. 15. SECM maps for a bubble-covered area of AA 2024-T3 immersed in the conversion bath for 14,500 s obtained at borate buffer solution containing 2 mM 
FcMeOH (a) and corresponding SEM images (b), the zoomed-in image in Fig. 15 (b) along the orange arrow (c), and the zoomed-in image in Fig. 15 (b) indicated by 
the blue arrow (d). 
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protectiveness against corrosion over time requires further study. As a 
final remark, hydrogen bubbles are shown to be detrimental to the 
growth of the conversion layer in case these attach to the alloy surface at 
the early stages of the conversion process. 
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