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A B S T R A C T   

Lithium leaching coatings have recently been developed as eco-friendly active corrosion protection technology 
for aerospace aluminium alloys (AAs) by the formation of a conversion layer at coating defects. While general 
conversion layer formation characteristics were studied and reported before, here we study the local layer for-
mation process with sub-micron resolution at and around intermetallic particles (IMPs) in AA2024-T3. Top- and 
cross-sectional-view morphological electron micrograph observations along with open circuit potential (OCP) 
measurements are performed, mimicking coating defect conditions upon lithium carbonate leaching from the 
coating matrix. The results revealed five stages of the conversion process in which the alloy matrix and different 
IMPs evolve morphologically, compositionally, and electrochemically. Besides, we found a correlation between 
the OCP response of the AA2024-T3 system and the morphological and compositional evolutions of the alloy 
matrix and IMPs at different stages of exposure. Passive layer and alloy matrix dissolution leading to surface Cu- 
enrichment and S-phase dealloying occur at early stages of exposure. They precede the formation of a columnar 
layer on the alloy, followed by the establishment of a dense-like layer at the final stage. Dealloying of Al2CuMg 
can assist the conversion process by providing local supersaturation. Through complementary experiments in a 
sodium carbonate solution and besides X-ray diffraction analysis, we found out that lithium plays a critical role in 
stabilising the corrosion product throughout the conversion process.   

1. Introduction 

In recent years, lithium salts have drawn high attention as hex-
avalent chromium-free corrosion inhibitors due to a passivating char-
acter for a variety of aluminium alloys (AAs) [1–5]. However, the 
preliminary investigations go back to 1987 when Gui and Devine 
observed an unexpected passivity while anodically polarising 
AA6061-T6 in an alkaline lithium carbonate solution [6]. In 1994, 
Buchheit et al. generated protective hydrotalcite conversion coatings by 
immersing AAs in an alkaline lithium carbonate solution followed by 
heat treatment at a relatively low temperature in air [7]. Later, Drewien 
et al. confirmed the formation of Li-Al layered double hydroxide (Li-Al 
LDH) on AA1100 through a conversion layer process in a lithium 
carbonate-lithium hydroxide solution (pH 11–12) [8]. Another major 

breakthrough was established many years later in 2010 when Visser and 
Hayes showed that lithium salts can be incorporated into organic coat-
ings to provide active corrosion protection [9]. In this scheme, incor-
porated lithium salts [10,11] are released with a long-range throwing 
power at damaged coating locations [12], establishing an alkaline 
environment of approximately pH 10 [13]. In the presence of lithium, 
this is associated with the formation of an irreversible conversion layer 
at the coating defect that can effectively and reliably protect the AA 
substrate [14]. Thereafter, the studies were dedicated to characterising 
the generated layer in artificial scribes subjected to neutral salt spray 
(NSS) exposure [15,16]. 

Up to now, detailed structural and compositional studies have 
revealed a uniform distribution of lithium throughout the conversion 
layer which appears in a multi-layered arrangement depending on the 
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location in the scribe [17]. In general, there is a columnar outer layer 
identified as Li-Al LDH and a dense inner layer which represents an 
amorphous lithium-containing pseudoboehmite phase [17]. Besides, a 
porous layer in which both amorphous and crystalline compounds 
co-exist resides in between [17]. Extensive electrochemical evaluations 
have shown that the conversion layer can well protect AAs substrate; the 
inner dense layer shows the highest barrier properties compared to other 
two sublayers [18]. 

Regarding the formation mechanism, the studies have indicated that 
the lithium-based conversion layer goes through several morphological 
and compositional stages from initiation to completion. In one of their 
works, Visser et al. set up an electrochemical cell representing the 
aqueous conditions of a scribe area exposed to lithium carbonate-sodium 
chloride solution [19]. Combined with compositional and morpholog-
ical investigations, they proposed three consecutive stages of oxide 
thinning, anodic dissolution and hydroxide film formation, and growth. 
In fact, the final stage occurs through a competitive film formation and 
dissolution process, leading to transformation of the outer aluminium 
hydroxide layer into a Li-Al LDH. However, the studies have so far been 
dedicated to exploring the mechanism and the different stages of the 
conversion layer formation on the alloy matrix more than at and around 
intermetallic particles (IMPs). 

Intermetallic phases in aerospace AAs significantly contribute to 
their mechanical properties, but they bring along a deteriorated corro-
sion resistance due to their higher electrochemical activity compared to 
the alloy matrix [20–24]. Therefore, local corrosion evidently takes 
place at IMPs locations [25–28]. Given the local, heterogeneous and 
enhanced electrochemical activity induced by IMPs in AAs, it is there-
fore particularly crucial in corrosion inhibition strategies to consider 
and optimise the protection at and around IMPs. So, the current work 
focused on gaining detailed understanding of the conversion layer for-
mation at and around different types of intermetallic compounds in 
AA2024-T3. We endeavour to find a correlation between the substrate’s 
overall electrochemical response and the local morphological evolutions 
at different stages of exposure. To this end, we record the open circuit 
potential (OCP) of AA2024-T3 exposed to a lithium carbonate–sodium 
chloride solution for 7 h. In parallel, top-view and cross-sectional 
morphological observations are conducted by means of focused ion 
beam/scanning electron microscopy (FIB/SEM) analysis to provide 
further insights into different stages of the conversion layer formation 
related to intermetallic phases in particular. Moreover, X-ray diffraction 
(XRD) analysis are performed to confirm the role of lithium in the 
conversion process. 

2. Materials and methods 

AA2024-T3 sheets were SiC ground to #1200 and then polished on a 
soft cloth in alumina slurries of 0.5 and 0.05 μm in a non-aqueous so-
lution. The samples were placed in an electrochemical cell setup 
providing an exposed area of 3.14 cm2. The cell was filled with 1.23 mL 
of 0.01 M NaCl + 0.01 M Li2CO3 solution (pH 10.6), providing a rela-
tively thin-film electrolyte condition (approx. 4-mm thick) representa-
tive for the scribe area. According to Visser et al. [13,19], such a solution 
composition is fairly representative for lithium concentration and pH in 
a defect area of 1 mm wide upon lithium carbonate leaching from the 
coating. In this estimation, different parameters including the coating 
thickness [10], lithium carbonate loading [9], volume of defect area and 
the lithium depletion depth [12] in the coating were considered. The 
open circuit potential (OCP) of the samples exposed to the aerated so-
lution were recorded versus an Ag/AgCl saturated reference electrode 
for the duration of 7 h. Prior investigations have shown that the con-
version process can proceed to an advanced stage of formation within 
this period of exposure [19]. From the typical OCP evolution behaviour, 
different exposure times were chosen at which subsequent exposure 
tests were stopped for detailed microscopic investigations of the con-
version layer formed at those times. In addition, we have exposed 

AA2024-T3 samples to a lithium-free 0.01 M NaCl + 0.01 M Na₂CO₃ 
solution (pH 10.6) and in an identical condition in terms of the elec-
trolyte thickness (approx. 4 mm) in order to understand lithium impact 
on the layer formation and OCP evolutions. 

Prior to preparation for microscopic analysis, samples were rinsed 
with flowing distilled water in order to quench the conversion layer 
formation process. FIB/SEM cross-sectioning was carried out over 
different areas of the exposed samples by means of a Thermo-Fisher 
Helios G4 FIB/SEM microscope. The top-view and cross-sectional SEM 
morphological studies were performed at 15 keV collecting emitted 
secondary electrons (SE) in ultra-high-resolution mode. The chemical 
composition of individual IMPs was estimated using energy dispersive 
spectroscopy (EDS - not shown here). FIB sectioning was conducted in a 
blind-mode, whereby the ion beam was used only for milling. It allows 
us to omit providing a Pt or C overlay process for protection of the top 
surface from Ga ion-beam damage. Besides, the thin TEM cross-sections 
were fabricated out of regions of interest with FIB and lift-out procedure 
[29] for detailed structural and composition investigations. Elemental 
analysis of the specimens was carried out with the Thermo-Fisher 
Super-X Detection System installed on a Cs corrected Thermo-Fisher 
Titan 300 kV TEM. 

X-Ray diffraction (XRD) measurements were carried out with a 
Bruker D8 Discover diffractometer and Eiger-2 500k 2D-detector. The 
samples exposed to 0.01 M NaCl + 0.01 M Li2CO3 for 2 and 7 h were 
radiated by Cu-Kα X-ray continuously from 10◦ to 25◦ (2θ) at a step size 
of 0.040◦/2θ and a counting time of 1 s per step. Then, the acquired data 
were analysed by means of Bruker software DiffracSuite.EVA vs 5.2. 

3. Results and discussion 

3.1. OCP evolution during the conversion layer formation 

Fig. 1 shows the representative OCP behaviour of the AA2024-T3 
sample exposed to 0.01 M NaCl + 0.01 M Li2CO3 over time. Accord-
ing to the OCP evolution, we can identify five distinct stages of the 
conversion layer formation. Stage I shows up as a sharp initial drop from 
− 1150 mV to a minimum of − 1420 mV during the first 60 s. Immedi-
ately after, the system experiences the first increase in the OCP values, 
reaching a plateau of − 1220 mV at 800 s. Stage III appears as the second 
rise in the OCP towards a plateau of − 1000 mV after more than 1 h. The 
stage IV is associated with the third rise in the OCP values gradually 
reaching − 600 mV at 4 h. From this point onwards, the system reveals a 

Fig. 1. Open circuit potential (OCP) evolution of AA2024-T3 exposed to 
0.01 M NaCl þ 0.01 M Li2CO3 (pH 10.6). Five stages can be considered for the 
conversion layer formation. Based on that, we have picked exposure times of (a) 
60 s, (b) 200 s, (c) 800 s, (d) 2800s, (e) 2 h and (f) 7 h to study the morpho-
logical evolutions of the conversion layer with time. 
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nearly stabilised behaviour (Stage V) where the OCP slightly changes to 
− 400 mV after a total exposure of 7 h. 

It should be noted that OCP represents an electrochemical situation 
in which the total anodic and cathodic currents are equal. Thus, any 
modification related to anodic/cathodic reactivities as a consequence of 
the gradual morphological and compositional evolutions on the surface 
can cause an impact on the electrochemical response of the system, here 
OCP values [30]. Therefore, we study the different phases including the 
alloy matrix and intermetallic compounds to see how they individually 
contribute to the OCP values during the conversion process. Given the 
OCP evolution with time, the samples were therefore taken at the certain 
exposure times of the formation. The time intervals include 60 s (Late 
Stage I), 200 s (Early Stage I), (late Stage I) 800 s, (Stage III) 2800s, 2 h 
(Stage IV) and 7 h (Stage V), representing distinct times of exposure 
emerging in the OCP graph. It should be stated that the OCP profiles of 
AA2024-T3 in 0.01 M NaCl + 0.01 M Li2CO3 generally show an identical 
trend. However, owing to intrinsically heterogeneous microstructure of 
AA2024-T3, the OCP values of different samples show dissimilarities in 
particular at moderate stages, although no significant differences are 
observed at early and late stages of exposure (See Fig. S1 in Supple-
mentary Material). Thus, the exposure periods are picked at times at 
which OCP values reveal highest similarities since AA2024-T3 samples 
are exposed separately for morphological investigations. 

3.2. Morphological characterisation of the conversion layer on the alloy 
matrix at different exposure times 

Fig. 2 shows top-view SEM images of the AA2024-T3 surface after the 
specific periods of exposure to 0.01 M NaCl + 0.01 M Li2CO3 solution. 
Fig. 3a reveals that the polished surface has been slightly corroded 
during the first 60 s of the exposure. At 200 s (Fig. 2b), we observe a 
roughened morphology for the surface, indicating further corrosion of 
the alloy matrix. After 800 s (Fig. 2c), we see that the surface has started 
to turn into a different top-view configuration, acquiring a petal-like 
morphology. Prolonged exposure until 2800 results in the appearance 
of a clear layer on the alloy surface (Fig. 2d). Fig. 2e shows a more 
pronounced petal-like morphology after 2 h (Fig. 2e). This is a clear 
indication of the conversion layer formation over the alloy matrix, in 
particular after 7 h when the petals have considerably grown (Fig. 2f). 

Fig. 3 shows the SEM images of the FIB cross-sections when the stage 

is at 52◦ tilt. As is evident in Fig. 3a and b, the initial exposure to 0.01 M 
NaCl + 0.01 M Li2CO3 until 200 s does not lead to the conversion layer 
formation. This implies that the alloy matrix merely undergoes disso-
lution at this stage. After 800 s, we observe the formation of a very thin 
(hydr)oxide layer (approx. 50 nm) on the alloy surface (Fig. 3c). The 
cross-sectional SEM image at 2800s (Fig. 3d) indicates the formation of a 
conversion layer in a columnar morphology, preceding other reported 
sublayers. Prolonged exposure until 2 h is associated mainly with the 
columnar layer thickening, although a dense-like layer has appeared at 
some locations, indicated by the blue arrow (Fig. 3e), owing to different 
local activities and thus local solution chemistry. However, a 7-h 
exposure comes along with the confirmation of a uniform dense-like 
layer formation close to the alloy substrate as clearly shown in Fig. 3f. 
Besides, the columnar layer has slightly grown as compared to the layer 
grown for 2 h. In general, the top-view and cross-sectional SEM images 
confirm different formation stages of the conversion layer gradually 
covering the entire alloy matrix. It should be stressed that here we report 
on the morphological evolutions at different stages while the sublayers 
can endure compositional and structural modifications during the con-
version process also [15]. 

Characterised in the several studies, the conversion layer is mainly 
composed of aluminium, lithium and oxygen [15,17,19]. The studied 
solution holds lithium, however aluminium needs to be supplied 
through the direct anodic dissolution of the alloy matrix. Thus, the 
cathodic reactions (i.e., dominantly water reduction) come about in 
return for charge neutralisation. This phenomenon is associated with the 
local nucleation and growth of hydrogen bubbles at some locations (i.e., 
IMPs), leading to the gradual de-wetting of the regions involved. Re-
gions that get de-wetted at later stages of exposure reveal different 
surface morphologies as compared to those de-wetted earlier. Since 
every single morphology is related to a distinct stage of the conversion 
process, the morphological variations owing to such a local phenome-
non can be considered instructive to better understand the mechanisms 
behind the conversion layer formation. In this regard, Fig. 4a shows the 
SEM images of a hydrogen bubble footprint; the sample was exposed for 
7 h. The inset is the optical macrograph of the alloy surface being 
exposed to the solution after about 7 h. As can be seen, the gradual 
de-wetting has resulted in a different surface morphology, representing 
different stages of the conversion process. A closer look at the green 
rectangular region is shown in Fig. 4b. According to the top-view 

Fig. 2. Top-view observations of the conversion layer exposed to 0.01 M NaCl þ 0.01 M Li2CO3. SEM images of AA2024-T3 surface at different exposure times 
of (a) 60 s; (b) 200 s; (c) 800 s; (d) 2800s; (e) 2 h; (f) 7 h. The scale bar represents 1 μm. 
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morphology, the red arrow approximately denotes the transition from 
Stage I to Stage III. Furthermore, the yellow arrow includes Stage III to 
Stage V. Fig. 4c shows the cross-sectional SEM image corresponding to 
the red rectangular region. As is evident, the alloy matrix has endured 
dissolution before appearance of the primary conversion precipitate. As 
reported by Drewien et al. [8], the supersaturation by Al(OH)4

− of the 
solution is critical for formation of the conversion layer. In fact, the 
alkaline solution continues to dissolve the alloy surface until reaching 
the required supersaturation at the surface. Fig. 4d shows the SEM image 
of the cross-section corresponding to the yellow rectangular region. 
Going over the image from left to right, we observe that the dissolution 

front slightly penetrates into further depth while the columnar layer/-
solution interface increases to a higher level, implying a dis-
solution/precipitation process at the advanced stages of the conversion 
layer formation. 

3.3. Morphological characterisation of the conversion layer on IMPs at 
different exposure times 

Fig. 5 shows morphological observations of different intermetallic 
phases in AA2024-T3 exposed to 0.01 M NaCl + 0.01 M Li2CO3 for 60 s. 
At this stage, we see no indication of the layer formation over all the 

Fig. 3. Cross-sectional observations of the conversion layer exposed to 0.01 M NaCl þ 0.01 M Li2CO3. SEM images of AA2024-T3 surface at different exposure 
times of (a) 60 s; (b) 200 s; (c) 800 s; (d) 2800s; (e) 2 h; (f) 7 h. The sections are made using FIB milling. The red dashed lines indicate the highest location in the 
conversion layer at each stage. The orange dashed line separates the columnar layer from the dense-like layer. The blue arrow in Fig. 3e points at the location at 
which a dense-like layer is observed. The scale bar is 1 μm. 

Fig. 4. Top-view and cross-sectional obser-
vation of the conversion layer at the bubble 
locations. (a) Top-view SEM image of the sur-
face morphology around a bubble formed as a 
consequence of hydrogen evolution reactions. 
The bubbles initiate at several locations on the 
surface and grow with time. Thus, different 
stages of the layer formation can be recognised 
within the bubble regions. The inset shows the 
bubbles formed on AA2024-T3 surface after 7 h 
of exposure. (b) Top-view SEM image of the 
green rectangular regular region shown in 
Fig. 4a. (c) Cross-sectional SEM image of the 
region along the red dashed rectangle shown in 
Fig. 4b. (d) Cross-sectional SEM image of the 
region along the yellow arrow (yellow dashed 
rectangle) shown in Fig. 4b. The sections are 
made via FIB milling.   
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IMPs and they look still bare. Fig. 5a and a1 shows top-view and cross- 
sectional SEM mages of an S-phase particle. The top-view image 
shows a dark ribbon all around this particle. The FIB cross-section re-
veals that this peripheral region has slightly been trenched at this stage. 
Besides, we see that the corrosion has penetrated into the particle at 
some locations as shown by the red arrows. We later confirm that se-
lective dissolution of aluminium and magnesium from S-phase (i.e., 
dealloying) gradually occurs in the studied solution. Fig. 5b shows 
another S-phase particle showing a similar corrosion-attack 
morphology. Furthermore, Al2Cu and constituent phase particles are 
found almost intact at this stage; see Fig. 5c–e. It should be mentioned 
that constituent phases are Al, Fe, Si, Mn and Cu-containing particles 

which are formed during the alloy solidification [31]. 
Fig. 6 shows the top-view and cross-sectional morphology of 

different IMPs after 200 s. It is obvious that the S-phase particles have 
undergone a clear change in morphology. Fig. 6a-a2 reveal formation of 
a petal-like layer on the S-phase particle while the surrounding alloy 
matrix is still bare. The cross-sectional SEM image indicates further 
penetration of the dealloying and the alloy trenching into depth. It 
seems that a fast release of Al(OH)4

− ions from the Al2CuMg particle due 
to dealloying provides the local supersaturation for the conversion 
process. This actually happens via a two-step electrochemical/chemical 
reaction of Al3+ to Al(OH)3 and then to Al(OH)4

− under the alkaline 
conditions [32]. This has led to the formation of the petal-like layer 

Fig. 5. Morphological observations of intermetallic phases in AA2024-T3 exposed to 0.01 M NaCl þ 0.01 M Li2CO3 for 60 s. (a and a1) Top-view and cross- 
sectional SEM images of an Al2CuMg particle. The red arrows indicate the slightly-dealloyed regions in the particle. (b) Top-view SEM image of an Al2CuMg particle; 
the peripheral shallow trench around the particle looks darker in contrast. (c) Top-view SEM image of an Al2Cu particle. (d) The magnified view of the rectangular 
region indicated in Fig. 5c. (e) Top-view SEM image of a constituent-phase particle. The scale bar is 1 μm. 

Fig. 6. Morphological observations of intermetallic phases in AA2024-T3 exposed to 0.01 M NaCl þ 0.01 M Li2CO3 for 200 s. (a, a1 and a2) Top-view and 
cross-sectional SEM images of an Al2CuMg particle. The top-view SEM image reveals the initial formation of a columnar layer on the particle. (a1) shows the 
magnified view of the rectangular region indicated in Fig. 6a. (a2) shows the cross-sectional SEM image along the red dashed line indicated in Fig. 6a, revealing the 
dealloyed top region in the particle. (b and c) Top-view SEM image of two Al2Cu particles. (d) Top-view SEM image of a constituent-phase particle. The scale bar is 
1 μm. 
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merely over the S-phase particles and not yet on the alloy matrix. In 
contrast, Al2Cu and constituent phase particles have still not been 
involved in the conversion process (see Fig. 6b–d). 

Fig. 7 shows top-view and cross-sectional micrographs of represen-
tative IMPs after 800 s. As can be seen in Fig. 7a and a1, the conversion 
layer on the S-phase has insignificantly changed while the surrounding 
alloy matrix has acquired a similar morphology. The cross-sectional SEM 
image reveals that the dealloying has propagated more into depth at the 
peripheral regions of the particle where the alloy matrix has been 
trenched tightly around the particle. This behaviour has also been 
observed in uninhibited NaCl solutions [25]. Interestingly, Al2Cu and 
constituent phase particles and their close vicinity are still uncovered; 
the bare regions are indicated by the red closed curves in Fig. 7b and c. 
This phenomenon is caused by the lack of Al(OH)4

− ions which are 
essential for the conversion layer process. In fact, these two phases are 
rather electrochemically stable and slightly endure dealloying, resulting 
in limited concentration of Al(OH)4

− ions which need to be supplied from 
the dissolution of the adjacent alloy matrix. This also explains why a 
solution locally dilute in Al(OH)4

− ions exists around Al2Cu and con-
stituent phase particles, causing a delay in the layer formation. 

After 2800s, we found all the IMPs fully covered by the conversion 
layer revealing a petal-like top-view morphology (Fig. 8). As can be seen 
in top-view and cross-sectional SEM images (Fig. 8a and a1), the S-phase 
particle has further but slightly been dealloyed, in particular, at the 
particle/alloy matrix interface (mind the corresponding inset). The 
formed layer has the character of a columnar morphology from a cross- 
sectional point of view [17]. The conversion layer formed on both Al2Cu 
(Fig. 8b and b1) and constituent phase particles (Fig. 8c and c1) is similar 
to that on the S-phase from a top- and cross-sectional view. No signifi-
cant indication of dealloying and trenching is observed in these two 
phases. However, the top surface of the Al2Cu and constituent phase 
particles has been slightly dealloyed since they are more electrochemi-
cally stable than S-phase [25,26]. Besides their dealloying happens 
sluggishly in the studied solution. It means that the dissolution of their 
surrounding alloy matrix has provided the saturation of the local solu-
tion by Al(OH)4

− ions required for the layer formation. Given the OCP 
curve (Fig. 1), the system is actively evolving towards the positive 
values; this is a clear indication of passivity acquirement [32]. 

Prolonged exposure up to 2 h has resulted in the further growth of 

the conversion layer. All the IMPs have insignificantly changed in terms 
of morphology of the lithium-based layer (Fig. 9). However, it is 
remarkable that the layer over the IMPs is still thickening. Afterwards, 
the AA2024 sample starts to stabilise based on the OCP values, nearly 
reaching a plateau of − 400 mV after 7 h. At this stage, the top-view 
petal-like morphology has considerably coarsened (Fig. 10). The S- 
phase particle has partly dealloyed, although there is a deep penetration 
of dealloying at the particle/matrix interface (Fig. 10a and a1). A dense- 
like sublayer has appeared in the conversion layer formed on the alloy 
matrix at this stage; however, the columnar layer is still observed over 
the S-phase particle. This is also the case for the other types of IMPs (i.e., 
Al2Cu and constituent phase particles). The fact is that the dense-like 
layer forms at the latest stage of the exposure due to further but 
slowed-down penetration of corrosion into alloy matrix. This phenom-
enon that cannot take place on the IMPs is associated with the formation 
of a layer with less porosities. The growth of the columnar layer on the 
IMPs is a consequence of the direct precipitation from the saturated 
solution which will be discussed later. 

To explore how the dealloying can accelerate the formation of the 
conversion layer, we take a closer look at the S-phase particles with 
Scanning TEM/energy dispersive spectroscopy (STEM/EDS). The TEM 
cross-sections were prepared with FIB and lift-out procedure out of the 
S-particles exposed to the identical solution for 7 h. Fig. 11 shows an S- 
phase particle which has been dealloyed partly. It should be mentioned 
that the dealloying morphology of this particle is a bit different than that 
of other S-phase particles in this study as it has been exposed to a 
different amount of 0.01 M NaCl + 0.01 M Li2CO3 solution (electrolyte 
thickness of approx. 2 mm) for 7 h which shows an effect on the 
morphology of the dealloying and conversion layer. S-phase is known as 
an intermetallic compound with a high electrochemical instability in a 
wide range of solution pH, generally undergoing dealloying due to 
preferential dissolution of aluminium and magnesium and also rear-
rangement of copper in a nano-porous morphology [25]. The 
cross-sectional STEM image shows a nano-porous dealloying 
morphology in the periphery of the particle; the dealloying is penetrated 
more into the particle from the bottom part. Besides, it is remarkable 
that the conversion layer on the particle and on its adjacent matrix has 
the same thickness. However, the dense layer is missing on the particle 
and it merely composes of a columnar layer. Besides, corrosion products 

Fig. 7. Morphological observations of intermetallic phases in AA2024-T3 exposed to 0.01 M NaCl þ 0.01 M Li2CO3 for 800 s. (a and a1) Top-view and cross- 
sectional SEM images of an Al2CuMg particle. A columnar layer has formed on the particle and also on the adjacent alloy matrix around it. (b and b1) SEM images of 
an Al2Cu particle; (b) stage tilt 0◦ and (b1) stage tilt 52◦. The columnar layer is merely observed outside the red closed curve. (c and c1) Top-view and cross-sectional 
SEM image of a constituent-phase particle. As is evident in the inset, there is no columnar layer formed within the closed curves. The scale bar is 1 μm. 
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with a similar morphology to the dense layer is formed within the 
trench. The corresponding EDS elemental maps (Fig. 11) show that the 
dealloyed regions of the particle are depleted from magnesium. Given 
that magnesium is insoluble in solutions of pH higher than 12, herein its 
preferential dissolution is plausible as the studied solution provides 
insufficient alkalinity for the stability of magnesium. Aluminium 
dissolution has happened to a lesser extent; however, the formation of a 
dense-like layer within the trench implies the role of lithium intercala-
tion in stabilisation of aluminium-based corrosion products. As ex-
pected, copper does not endure dissolution, as long as the corroding 
particle is connected to the matrix, and it has rearranged in a 
nano-porous morphology. 

3.4. XRD analysis of the formed conversion layer 

XRD patterns collected from the samples exposed for 2 and 7 h to are 
shown in Fig. 12. The presence of Li-Al LDH can be identified through 
the appearance of characteristic (003) and (006) peaks [8]. Since X-ray 
interactions takes place with an atom’s electron cloud [33], the atomic 
scattering factors are relatively low for Li, C and Al which contribute to 
the intensity of basal reflections in Li-Al LDH. Thus, X-rays get scattered 
to a minor extent only while traveling through the thin surface con-
version layers which leads to emerging reflections originating from the 
IMPs. This is particularly problematic for Li-Al LDH identification since 
the strong reflections corresponding to Al7Cu2Fe show up at the grazing 
angles very close to the characteristic Li-Al LDH peaks. This is evident in 
Fig. 12 where the (002) peaks of Al7Cu2Fe make the basal reflections 

Fig. 8. Morphological observations of intermetallic phases in AA2024-T3 exposed to 0.01 M NaCl þ 0.01 M Li2CO3 for 2800s. Top-view and cross-sectional 
SEM images of (a and a1) an Al2CuMg particle, (b and b1) an Al2Cu particle and (c and c1) a constituent-phase particle. The insets are the magnified views of the 
indicated cross-sectional regions. At this stage, the top-view images reveal the entire alloy matrix and IMPs are covered with a columnar layer. The scale bar is 1 μm. 

Fig. 9. Morphological observations of intermetallic phases in AA2024-T3 exposed to 0.01 M NaCl þ 0.01 M Li2CO3 for 2 h. Top-view and cross-sectional SEM 
images of (a and a1) an Al2CuMg particle, (b and b1) an Al2Cu particle and (c and c1) a constituent-phase particle. The insets are the magnified views of the indicated 
cross-sectional regions. The scale bar is 1 μm. 
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corresponding to Li-Al LDH appear as a shoulder in the XRD spectra. 
This is the case for both samples exposed to 0.01 M NaCl + 0.01 M 
Li2CO3 for 2 and 7 h. Thus, a pure aluminium exposed to the studied 
solution for 7 h was analysed with XRD to fortify and confirm the above 
hypothesis of Li-Al LDH formation. As can be seen, the pure aluminium 
sample shows a solo strong reflection related to the basal (003) plane. 
Thus, the formation of Li-Al LDH takes place as a direct consequence of 
the lithium-based conversion process according to the XRD results. 
Morphological investigations revealed that this can happen through the 
appearance of a columnar morphology after a 2800-s exposure at the 
latest. 

3.5. Exposure to a sodium carbonate solution (lithium-free) 

Our recent work on the cross-sectional chemical composition of the 
conversion layer has shown a relatively homogeneous distribution of 
lithium throughout the different sub-layers [17]. In order to better un-
derstand how its presence affects the layer formation, we have exposed 
AA2024-T3 samples to a lithium-free 0.01 M NaCl + 0.01 M Na₂CO₃ 
solution (pH 10.6) and in an identical condition in terms of the elec-
trolyte thickness (approx. 4 mm). The results related to the electro-
chemical and morphological analysis are shown in Fig. 13. In Fig. 13a, 
we see the evolution of the OCP values over 5 h of exposure during 

which the system acquires OCP values similar to those for the 
lithium-containing system. As can be seen, the system shows nearly 
identical behaviour and values during the first 1500s (Compare the inset 
here and Fig. 1). Afterwards, the OCP reaches a state of little change at 
− 1200 mV until 3 h. However, the system experiences an abrupt rise in 
the OCPs values, reaching − 400 mV in the next 2 h of exposure. Given 
the morphological evolutions of the alloy matrix and the different IMPs 
presented in Fig. 13b–e, we notice a clear dissimilarity of the 
morphology in the absence and presence of lithium. As is evident, the 
alloy matrix has severely been corroded, revealing a typical 
corrosion-attack morphology observed for aluminium in alkaline envi-
ronments [34,35]. A thin but highly porous layer of aluminium hy-
droxide is merely formed. S-phase particles are found in a dealloyed and 
trenched condition where no conversion layer has been formed. Besides, 
the alloy matrix has not been trenched around Al2Cu and constituent 
phase particles; however, it has uniformly but deeply been dissolved 
during the exposure. It seems that lithium plays a crucial role in the 
stabilisation of the corrosion products in the studied alkaline environ-
ment, causing the conversion process to occur. 

In the absence of lithium, the pre-existing surface aluminium oxide is 
just dissolved during the first 60 s, resulting in a decrease in the OCP 
value [32]. Subsequently, the massive dissolution of the alloy matrix 
comes about and this leads to a higher concentration of Al(OH)4

− at the 

Fig. 10. Morphological observations of intermetallic phases in AA2024-T3 exposed to 0.01 M NaCl þ 0.01 M Li2CO3 for 7 h. Top-view and cross-sectional 
SEM images of (a and a1) an Al2CuMg particle, (b and b1) an Al2Cu particle and (c and c1) a constituent-phase particle. The insets are the magnified views of the 
indicated cross-sectional regions. The scale bar is 1 μm. 

Fig. 11. STEM/EDS characterisation of S-phase. Cross-sectional STEM/EDS analysis of an Al2CuMg particle exposed to 0.01 M NaCl + 0.01 M Li2CO3 solution for 7 
h (electrolyte thickness of approx. 2 mm), revealing the selective dissolution of Al and Mg from the particle. The lamella was fabricated with the lift-out 
FIB procedure. 
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surface. This phenomenon causes an impact on the kinetics of 
aluminium dissolution with time (i.e., higher anodic Tafel slope), 
emerging as an increase in the OCP value [34]. The mass transfer of Al 
(OH)4

− ions from the surface to the bulk solution reaches a steady state 

condition after 500 s; that is why we see a plateau in the OCP plot from 
500 s to 3 h. Since, Al(OH)4

− is the only soluble species in the studied 
alkaline environment [36], the porous aluminium hydroxide (acting as 
the intermediate [32,37]) layer becomes stable upon the supersatura-
tion of the limited solution (i.e., 1.23 mL solution for 3.14 cm2 area of 
the sample). This is associated with the abrupt increase in the OCP 
values since the formed layer can slow down the anodic dissolution of 
the alloy matrix. In addition, the gradual copper enrichment of the 
surface and S-phase particles as a direct consequence of the alloy matrix 
dissolution and dealloying, respectively, can contribute to the OCP in-
crease at different stages of exposure as well. In fact, Cu-rich regions can 
increase cathodic activity of the surface through accommodating water 
and oxygen reduction reactions, leading to an increase in the OCP 
values. In comparison, the conversion process can take place in the 
presence of lithium in the vicinity of the surface where the required local 
supersaturation is fulfilled at Stage III. We discuss the mechanism of 
relevance in detail in the next section. 

4. Local formation mechanism of the conversion layer 

Top-view and cross-sectional FIB/SEM observations along with the 
recorded OCP values can elucidate how the alloy matrix and different 
IMPs evolve during the conversion process in the lithium carbonate- 
containing solution as shown schematically in Fig. 14. As discussed 
earlier, the supersaturation of the solution by Al(OH)4

− ions of the so-
lution is of critical stage for the initiation of the conversion process. The 
supersaturation is fulfilled through the direct dissolution of the sub-
strate. If the solution can acquire the required supersaturation locally, 
the conversion layer can take place consequently at those locations. This 

Fig. 12. XRD patterns of the conversion layer formed on AA2024-T3 and 
pure aluminium after exposure to 0.01 M NaCl þ 0.01 M Li2CO3. The (003) 
and (006) peaks are characteristic for Li-Al LDH. The AA2024-T3 sample shows 
other reflections originating from different intermetallic compounds; some of 
the peaks corresponding to Al7Cu2Fe show up at the grazing angles very close to 
the characteristic Li-Al LDH peaks. 

Fig. 13. Electrochemical and morphological evaluations of AA2024-T3 exposed to 0.01 M NaCl þ 0.01 M Na2CO3 (lithium-free solution; pH 10.6) for 5 h. 
(a) OCP response of AA2024-T3 over time. The inset shows a closer look at the OCP behaviour at early stages of exposure. (b and b1) Top-view and cross-sectional 
SEM images of the alloy matrix, revealing the surface to be severely corroded while a highly porous thin aluminium hydroxide layer has been formed during the 
exposure. (c and c1) Top-view and cross-sectional SEM images of an Al2CuMg particle, showing that the particle has undergone dealloying and besides the sur-
rounding alloy matrix has been fully trenched. Cross-sectional SEM image of (d) an Al2Cu and (e) a constituent-phase particle which have been surface-dealloyed 
while their adjacent matrix has been dissolved significantly (stage tilt 52◦). The scale bar is 1 μm. 
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Fig. 14. The formation mechanism of the conversion layer on AA2024-T3. 3D schematic view of formation mechanism of the conversion layer on different 
regions in the alloy linked to the OCP response of the whole system. The probable corrosion and precipitation reactions taking place on the alloy matrix and also 
around IMPs are depicted in detail. The columnar morphology is the initial layer being formed over the matrix and it is the only layer formed over IMPs. The dense 
layer is established with a proceeding dissolution front into the alloy matrix or within trenches around S-phase particles. Copper-rich regions like the top-surface parts 
of the dealloyed IMPs or nanoscopic remnants are responsible for supporting cathodic reactions. 
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phenomenon is well pronounced for S-phase particles where a fast 
dealloying can effectively enhance the local supersaturation and hence 
the local lithium-based conversion process. 

4.1. Alloy matrix 

At Stage I, the alloy matrix initially loses its passivity in the studied 
alkaline environment, inducing a drop in the OCP value during the first 
60 s. At Stage II, the process proceeds by active dissolution of the alloy 
matrix; the kinetics of aluminium dissolution decreases gradually due to 
the accumulation of Al(OH)4

− ions, which form through the trans-
formation of Al3+ to Al(OH)3 and then to Al(OH)4

− under the alkaline 
conditions present at the surface. In addition, the surface gradually be-
comes enriched in copper as the alloy matrix holds 0.2− 0.5 at% Cu and 
besides due to dealloying of the nanoscopic IMPs (i.e. S-phase and dis-
persoids) [38]. As discussed in Section 3.5, these two phenomena bring 
about a gradual increase in the OCP value. In contrast to the lithium-free 
solution, the conversion layer nucleates and starts growing in a 
columnar morphology upon reaching the required supersaturation at the 
surface (Stage III). At Stage (IV), the dissolution front still penetrates 
into the alloy matrix and consequently the columns further grow and get 
entangled with time. The OCP continues to increase in this period as the 
alloy matrix progressively acquires passivity (i.e., anodic Tafel slope 
increases). Although the columnar layer is not highly protective, the 
entangled network of the long columns can effectively slow down the 
dissolution rate. This causes a positive impact on the densification of the 
conversion layer; thus, the next sublayer which appears is a dense layer 
close to the substrate (Stage V). Simultaneously, the columnar layer 
grows through direct precipitation of the Li-containing products (e.g., 
Li-Al LDH) from the saturated solution, resulting in coarsening of the 
columnar morphology. At Stage V, the system experiences a nearly 
stabilised condition and the OCP curve plateaus due to the passivation 
by the lithium-based conversion layer. 

4.2. S-phase (Al2CuMg) particles 

Al2CuMg compound is a highly electrochemically active phase that 
quickly interacts with the alkaline Li-containing solution upon exposure 
(Stage I). At Stage II, S-phase particles release Al(OH)4− and Mg2+ in the 
studied solution as a direct consequence of dealloying causing the local 
supersaturation of the solution and copper enrichment of the corroding 
particles. The former triggers the formation of the columnar morphology 
over S-phase particles preceding that on the alloy matrix. The latter 
gives rise to the increase in the OCP values by increasing cathodic ac-
tivities of the surface. At Stage III, the columnar layer grows and this is 
associated with further penetration of dealloying. Stage IV comes with 
further growth of the columnar layer on the particle and adjacent at the 
alloy matrix, although the preferential trenching of the alloy matrix 
takes place too. There is no difference between Stage IV and V for the S- 
phase particle where the further columnar layer growth, particle deal-
loying and alloy matrix trenching simultaneously but sluggishly occur. 

4.3. Al2Cu and constituent phase particles 

Al2Cu and constituent phase particles show a high electrochemical 
stability in the alkaline lithium-containing solution, undergoing a slight 
dealloying throughout the 7-h exposure. At Stage I and II, they insig-
nificantly release Al(OH)4

− into the solution due to sluggish dealloying 
disabling to reach supersaturation. Thus, the alloy matrix is the only 
source for providing Al(OH)4

− ions as the main component of the lithium- 
based conversion layer. That is why the conversion layer is observed 
over the whole alloy matrix except the region surrounding the Al2Cu and 
constituent phase particles (Stage III). Similar to S-phase particles, the 
only columnar layer grows through the precipitation during Stage IV 
and V while the alloy matrix acquires a dense-like sublayer at Stage V by 
further penetrating into the depth. 

5. Conclusions 

While our previous works provided a general lithium-based con-
version layer formation mechanism, here we unravelled the laterally 
resolved formation mechanisms of the layer at the matrix and IMPs of 
AA2024-T3 in a condition mimicking coating defects when lithium 
carbonate is used as the leaching inhibitor. With sub-micron resolved 
top-view and cross-sectional FIB/SEM analysis along with OCP 
recording, we distinguished 5 stages (out of a 7-h exposure) during the 
conversion process in which the alloy matrix and different IMPs evolve 
morphologically, compositionally and electrochemically. We found that 
AA2024-T3 does not acquire passivation in early exposure times up to 
800 s (Stage I and II). Passivity loss leads to the initial OCP drop during 
the first 60 s. However, active alloy matrix dissolution and surface Cu- 
enrichment mainly contribute to the rise in OCP values by modifying 
anodic and cathodic activities, respectively. Upon reaching local su-
persaturation at Stage III, the conversion layer appears in a columnar 
morphology on S-phase, alloy matrix and other intermetallic compounds 
in a chronological order. This is associated with a rise in OCP values due 
to the diminished kinetics of the anodic aluminium dissolution. Faster 
dealloying of S-phase can enhance the conversion process by providing 
relatively rapidly Al(OH)4

− ions (local supersaturation). Besides, lithium 
plays a critical role in stabilising the corrosion products; no conversion 
process occurs under the same exposure conditions but in the absence of 
lithium. At Stage IV (starting from approx. 1 h and lasting until 4 h), the 
columnar layer grows and the OCP values rise. Finally, Stage V is 
involved with the formation of the dense-like layer closest to the alloy 
matrix while IMPs are merely covered with a columnar layer. At this 
stage, the system acquires passivation, revealing a plateaued OCP curve 
owing to the electrochemical stabilisation (i.e., nearly constant anodic 
and cathodic behaviour). Finally, the critical role of lithium in the 
conversion process was revealed through complementary experiments 
in a sodium carbonate solution and X-ray diffraction analysis. 
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