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A B S T R A C T   

The corrosion inhibiting effect of lithium carbonate has been studied over the pH range relevant for atmospheric 
corrosion conditions at the polymer/metal interface. It is demonstrated that lithium carbonate offers optimum 
corrosion protection under moderately alkaline conditions attributed to the formation of a protective layer 
identified as aluminum-lithium layered double hydroxide. It is proposed that an active-to-passive transition 
occurs in the presence of lithium carbonate under moderately alkaline conditions where anodic dissolution of the 
aluminum matrix is an important step prior to the formation of the protective layer. After prolonged exposure, 
the protective layer is uniformly formed on the surface of AA2024-T3 and lithium containing AA2198-T8 
covering both the matrix and active intermetallic particles thus hindering further corrosion reactions.   

1. Introduction 

Various studies have shown that lithium salts offer an effective and 
irreversible corrosion protection of organic coated AA2024-T3 under 
neutral salt spray conditions [1–5]. In the presence of a through-coating 
defect, the lithium salts are able to leach from the organic coating matrix 
to the exposed metal substrate and it is suggested that this leaching 
phenomenon increases the pH of the bulk electrolyte in the coating 
defect to moderately alkaline conditions (i.e. pH 9–10) [4–6]. The in-
crease of the bulk electrolyte pH is attributed to the chemical dissocia-
tion of the lithium carbonate. The Li+ aquo-cation does not hydrolyze 
readily[7], however the carbonate ions (CO3

2- pKb = 3.75) act as a con-
jugate base that can then combine with a proton to form hydrogen 
carbonate (HCO3

- ) and hydroxyl ions (OH-) are formed as a result of 
water dissociation during reaction 1 [8]. 

CO2−
3 +H2O⇌HCO−

3 +OH− (1) 

Due to the elevated pH and the presence of aggressive anions to the 
bulk electrolyte, the aluminum matrix dissolves to form a lithium 
intercalated and hydrated aluminum(hydr)oxide layer offering corro-
sion protection at the defect site [5,6,9]. The typical morphology of the 
formed protective layer on AA2024-T3 alloy in the presence of lithium 

salts is a three-layer structure composed of an inner dense region, an 
intermediate porous region and an outer columnar region [4,10–12]. 
The chemical composition of each structure has been identified as 
pseudoboehmite, lithium containing pseudoboehmite and Al-Li layered 
double hydroxide (LDH) accordingly [12]. However, variations of the 
typical protective layer morphology have been reported within a 
through-coating defect attributed to local lithium concentration distri-
bution, local anodic and cathodic processes and local pH variations [10, 
12]. It is reported that for a scribed lithium-containing organic coating 
exposed to neutral salt spray test, the local pH within the scribe increases 
to approximately 9–10 and a lithium containing pseudoboehmite pro-
tective layer is formed adjacent to the organic coating [5]. At later stages 
of neutral salt spray exposure, it is reported that the lithium containing 
pseudoboehmite is converted to LDH which phenomenon is attributed to 
further local pH increase, possibly pH 11–13, and higher concentration 
of lithium being leached from the organic coating as a function of time 
[12,13]. Lastly, the selective growth of LDH layer is reported closer to 
the center of the scribe at longer neutral salt spray exposure times which 
observation is attributed to the local alloy heterogeneity with local 
cathodic and anodic activities [10,12]. 

The passivation of aluminum and its alloys in the presence of lithium 
salts by a continuous surface film under alkaline conditions has been 
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extensively reported in literature [13–18] and it is suggested that the 
conditions for the protective layer formation are satisfied adequately in 
alkaline solutions where pH > 10 [13]. However, under atmospheric 
corrosion conditions the local pH may vary from pH 1–2 to alkaline pH 
[19]. In the corrosion front, the local pH is strongly acidic due to the 
stepwise aluminum aquo-cation hydrolysis mechanism and the local 
release of protons, whereas in the cathodic region alkaline conditions 
dominate the local pH as a result of the oxygen reduction reaction 
[19–21]. However, it is practically difficult to determine the exact value 
at the cathodic site of the filament head due to low liquidity [22]. 
Consequently, it is important to investigate the corrosion inhibition ef-
ficiency of lithium salts at the pH range established during atmospheric 
corrosion conditions in order to understand and define the conditions 
required at the penetrative coating defect site for the inhibitor to provide 
optimum corrosion protection. 

Additional interest is taken in the corrosion protection of the third- 
generation aerospace grade aluminum-lithium alloys in the presence 
of lithium salts. The third-generation aluminum-lithium alloys contain 
2–4 wt% Cu and 1–2 wt% Li in which the lithium additions to aluminum 
alloys result into 3% density reduction and 6% increase in Young’s 
modulus which is beneficiary in aerospace applications where high 
specific strength and stiffness at low density is required [23–25]. For 
AA2198-T8, which is the aluminum-lithium alloy under investigation in 
this paper, the mechanical properties are reported as 503 MPa for ulti-
mate tensile strength and 455 MPA for tensile yield strength [23]. 
Furthermore, the third generation of aluminum-lithium alloys show 
enhanced fracture toughness characteristics, increased crack growth 
resistance and the anisotropy of the mechanical properties has been 
significantly reduced compared to the previous generations [24–28]. 
Consequently, the third generation of aluminum-lithium alloys is 
considered a potential replacement for the conventional aerospace 
AA2024-T3 alloy [28,29]. 

However, it is well known that the corrosion of both AA2024-T3 
[30–32] and AA2198-T8 [17,33–36] in aqueous chloride electrolytes 
is highly localized and that often more than one form of localized 
corrosion is observed such as pitting, crevices and intergranular attack. 
The mechanical strength of AA2024-T3 is derived by the addition of Cu 
in the bulk metal composition which leads to the formation of secondary 
intermetallic phase particles [37]. However, the presence of Cu rich 
particles enhances the electrocatalytic activity of the cathodic oxygen 
reduction reaction [38] and it is the galvanic coupling between the 
secondary intermetallic phase particles and the aluminum matrix that 
makes AA2024-T3 highly susceptible to localized corrosion [38]. In the 
case of AA2198-T8, the major strengthening phase is considered to be 
the T1 (Al2CuLi) phase which tends to preferentially precipitate at dis-
locations in the aluminum matrix [36,39,40]. It has been shown in prior 
works that the T1 phase is highly anodic with respect to the surrounding 
aluminum matrix exhibiting a high corrosion rate in aqueous chloride 
electrolytes [17] and the highly deformed grains are the most prone to 
localized corrosion [33,34]. Initially, the T1 phase undergoes active 
anodic dissolution leading to the selective leaching of the Li and Al 
species and a Cu-rich residue [35,36]. As a result, the particle becomes 
cathodic with respect to the aluminum matrix thus promoting the anodic 
dissolution of the surrounding matrix [33,34]. 

The present paper aims to investigate the importance of pH and 
define the optimal pH range on the corrosion protection of aluminum- 
based substrates in the presence of lithium carbonate. The aluminum 
substrates under investigation are the legacy AA2024-T3 and third- 
generation aluminum-lithium AA2198-T8 alloys. Their electro-
chemical response in terms of potentiodynamic polarization has been 
recorded in a selected range of pH buffered chloride containing solutions 
in the presence of lithium carbonate. Consequently, the corrosion pro-
tection offered by lithium carbonate is determined through the sys-
tematic pH variation of the bulk electrolyte. Additionally, the time- and 
location-resolved corrosion and the morphology and chemical compo-
sition of the protective layer formed on both alloys under investigation 

have been characterized via in-situ time-lapse microscopy, scanning 
electron microscopy (SEM) and Raman spectroscopy. 

2. Experimental 

2.1. Materials 

AA2198-T8 and AA2024-T3 samples were provided by Arconic and 
were cut into 3 × 3 cm square coupons of 2 mm and 1 mm thickness 
respectively. Both alloys’ nominal chemical composition is presented in  
Table 1. The sample surface was prepared using silicon carbide polishing 
pads (Struers) with alcohol-based lubricant (DP-Lubricant, Struers) used 
during the process. The polishing order was ascending from grit 80 to 
grit 4000 followed by cleaning the samples in an ultrasonic bath in 
ethanol for 5 min and drying under flowing nitrogen gas. All the 
chemicals used were of analytical grade provided by the Sigma-Aldrich 
Chemical Company. All glassware equipment was cleaned thoroughly 
using 2 M HCl (aq) followed by rinsing with distilled water. 

2.2. Methods 

All experiments were performed in aerated conditions and in contact 
with the room atmosphere at 20 ◦C in 10− 1 M aqueous NaCl electrolyte 
buffered at systematically varied pH from pH 2 to pH 13 unless other-
wise stated. The buffering agents used are listed in Table 2. In all cases 
the stoichiometry of the selected chemical species was taken into 
consideration and the concentration of the Cl- aquo-anions was kept 
constant at 10− 1 M. For near-marine and marine atmospheric settings it 
is reported that deliquesced water layers contain high concentrations of 
sea salt in which the predicted brine composition for halite varies from 1 
to 10 molality as a function of relative humidity and concentration [41]. 
Upon evaporation, the brine is rich in Na+ and Cl- until halite precipi-
tation occurs for which the predicted concentration is reported at 10− 1 

M [41]. For the lithium carbonate containing solutions, 10− 2 M Li2CO3 
was added to the bulk electrolyte which concentration is reported to 
provide similar protective layer to what is observed within a defect area 
of a lithium leaching protective coating [6]. 

2.2.1. Potentiodynamic polarization 
The electrochemical measurements were conducted in freshly pre-

pared electrolyte in a conventional three-electrode cell using a BioLogic 
VSP-300 Multi-Potentiostat and EC-Lab collection software. The refer-
ence electrode was a saturated Ag/AgCl electrode, and a platinum mesh 
was used as counter electrode. The sample was masked with 90 µm thick 
extruded PTFE 5490 tape (3 M Ltd) leaving a circular exposed area of 
8 mm diameter and was exposed for 30 min to bulk electrolyte under 
open circuit potential conditions (OCP). Following OCP, potentiody-
namic polarization was performed at a sweep rate of 0.1 mV/s over a 
range of 1 V vs OCP. In all cases, both anodic and cathodic polarizations 
were performed separately, and all measurements were repeated three 
times. The EC-lab software provided by BioLogic was used to fit the 
polarization curves for Tafel analysis using the Stern equation through 
which the corrosion current (icorr) was approximated. 

2.2.2. In-situ time-lapse microscopy 
The corrosion mechanism of AA2024-T3 and AA2198-T8 in the 

absence and presence of lithium carbonate was studied by in-situ time- 
lapse microscopy as reported by Sullivan et al. [42] to investigate the 
influence of the inhibitor on the visual appearance of propagating 
corrosion features. The sample under investigation was covered with 
90 µm thick extruded PTFE 5490 tape (3 M Ltd) leaving a circular 
exposed area of 0.5 mm diameter which was achieved using a biopsy 
needle. The sample was secured within the petri dish using an 
arrangement of double-sided tape and PTFE tape. A Leica optical mi-
croscope was used to observe the sample under in-situ conditions. A 
submersible cap with a thin microscope glass window was used as a 
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protective cover for the objective lens to prevent contamination and 
damage. The petri dish was filled with 250 ml of freshly prepared 10− 1 

M aqueous NaCl electrolyte in the presence and absence of 10− 2 M 
Li2CO3 in the selected pH range and the optical focus was adjusted to 
clear in-situ images of the exposed sample area. Digital images were 
taken at a 1 min time interval over 24 h of total experimental time using 
the time-lapse function incorporated on the Infinity I camera (Lumera 
corporation) attached to the microscope lens. Due to the laborious na-
ture of in-situ time-lapse microscopy single measurements were taken 
per selected condition. Digital image analysis was performed using 
ImageJ. 

2.2.3. Scanning electron microscopy 
FIB/SEM cross-sectioning was carried out by means of a Thermo- 

Fisher Helios G4 FIB/SEM microscope. The top-view and cross- 
sectional SEM morphological studies were performed at 2 keV collect-
ing emitted secondary electrons. Before obtaining the cross-section im-
ages, a protective platinum layer was deposited on both alloys to protect 
the lithium-based conversion layer surface from gallium damage during 
FIB milling. Besides, the grain boundaries of the aluminum alloys are 
very sensitive to gallium ions exposure during FIB milling [43]. This 
sensitivity is attributed to the fact that aluminum alloys have a higher 
cohesive energy compared to gallium leading to gallium segregation on 
the aluminum surface in order to decrease the grain boundary energy of 
the aluminum alloy [44]. Focused ion beam sectioning was conducted in 
blind-mode where the ion beam was used for milling. In this way the 
deposited platinum layer can be omitted. 

2.2.4. Raman spectroscopy 
Raman spectroscopy has been performed with a LabRAM HR Evo-

lution instrument (HORIBA Scientific) equipped with a confocal mi-
croscope (objective 100x) and a solid-state laser of 532 nm (max. 
1 mW). Prior to the analysis, metal coupons of 1 cm2 for both AA2024- 
T3 and AA2198-T8 were immersed for 30 min in freshly prepared 10− 1 

M aqueous NaCl electrolyte in the presence and absence of 10− 2 M 
Li2CO3 buffered at pH 10. Following immersion, the metal samples were 
dried under flowing nitrogen gas. 

3. Results 

3.1. Potentiodynamic polarization measurements 

Fig. 1 shows typical OCP curves measured at pH 10 for AA2024-T3 
and AA2198-T8 in the absence and presence of lithium carbonate. In 
both cases, OCP stabilization is shown and no rapid OCP changes are 
observed that would otherwise impair the thereafter polarization mea-
surements. OCP curves are obtained for the whole selected pH range and 
the according graphs are given as supplementary information 
(Figure S1). 

With regards to Fig. 1, in the absence of lithium carbonate, it is 
observed that AA2024-T3 presents a relatively constant potential under 
OCP conditions however a different behaviour is seen for AA2198-T8. 
For the aluminum-lithium alloy a drop in the potential of approxi-
mately 0.05 V is observed within the first minutes of immersion in the 
electrolyte after which the potential recovers to more positive values 
and remains stable. In the presence of lithium carbonate, the potential of 
both alloys is negatively shifted compared to the potential they adopt in 
the absence of lithium carbonate. Furthermore, within the first minutes 
of immersion in the lithium carbonate containing electrolyte a sharp 
drop in the potential is observed for both AA2024-T3 and AA2198-T8. 
Following this sharp drop, the potential is increasing to more noble 
values and adopts a steady state. It should be noted that this behaviour is 
only observed at pH 10 and further discussion is provided in the 
following sections. 

Potentiodynamic polarization measurements were performed in 
10− 1 M chloride-containing aqueous bulk electrolyte at systematically 
varied pH both in the absence and presence of 10− 2 M Li2CO3 in order to 
investigate the corrosion protection offered in the presence of lithium 
carbonate as a function of the bulk electrolyte pH. Fig. 2 and Fig. 3 show 
the typical potentiodynamic curves for AA2024-T3 and AA2198-T8 and 
the derived electrochemical parameters for each alloy are summarized 
in Table 3 and Table 4 accordingly. 

By comparing Fig. 2 with Fig. 3, it is observed that lithium carbonate 
does not demonstrate effective corrosion inhibition when the pH of the 
bulk electrolyte is adjusted between pH 2 and pH 7 for both the AA2024- 
T3 (Fig. 2a-c) and AA2198-T8 alloy (Fig. 3a-c). Additionally, the 
AA2024-T3 alloy demonstrates nobler OCP values than AA2198-T8 
between pH 2 and pH 7 as observed by Table 3 and Table 4 accord-
ingly. With respect to the AA2024-T3 alloy, at pH 2 both in the absence 
(black curve) and presence (red curve) of lithium carbonate the cathodic 
branch shows a diffusion-limited behavior between − 0.68 V vs SHE and 
− 0.92 V vs SHE and the absence of passivation in the anodic branch 
indicates immediate pitting under polarization conditions (Fig. 2a). At 
pH 4, the cathodic branch of the polarization curves shifts to lower 
current densities indicating slower kinetics on the cathodic reactions 
(Fig. 2b). In the absence of lithium carbonate, a diffusion-limited 
behavior is observed between − 0.57 V vs SHE and − 0.92 V vs SHE, 
however a diffusion-limited region is not distinctly seen in the presence 
of lithium carbonate whilst the corresponding cathodic current densities 
remain higher compared to the blank solution (Fig. 2b). Still, the 
absence of a passivation region in the anodic branch indicates imme-
diate pitting corrosion both in the absence and presence of lithium 

Table 1 
Chemical composition of commercial AA2198-T8 and AA2024-T3 aluminum alloy.  

Chemical Composition (%) of AA2198-T8 

Si Fe Cu Mn Mg Cr Ni Zn Ti Zr Ag Li 
0.02 0.04 3.4 83* 0.32 10* 30* 86* 0.03 0.11 0.26 1.0 
Others: Each: 0.05% max, Total: 0.15% max, Aluminum: Remainder, *ppm  

Chemical Composition (%) of AA2024-T3 

Si Fe Cu Mn Mg Cr Zn Ti Others 
0.5 0.5 3.8–4.9 0.3–0.9 1.2–1.8 0.1 0.25 0.15 0.15 
Aluminum: Remainder  

Table 2 
Chemical composition of the pH buffering agents.  

pH Buffering Agents  

2 0.2 M Potassium Chloride (KCl) 
0.2 M Hydrochloric Acid (HCl)  

4 0.1 M Acetic Acid (CH3COOH) 
0.1 M Sodium Acetate Tri-hydrate (CH3COONa⋅3 H2O)  

7 0.1 M Tris(hydroxymethyl)aminomethane (NH2C(CH2OH)3) 
0.1 M Hydrochloric Acid (HCl)  

10 0.025 M Sodium Tetraborate (Na2B4O7⋅10 H2O) 
0.1 M Sodium Hydroxide (NaOH)  

13 0.2 M Potassium Chloride (KCl) 
0.2 M Sodium Hydroxide (NaOH)  
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carbonate in the bulk electrolyte under polarization conditions (Fig. 2b). 
At near-neutral pH, the polarization curves both in the absence and 
presence of lithium carbonate present a similar behavior. In both cases, 
the AA2024-T3 alloy instantly undergoes pitting corrosion under anodic 
polarization conditions and a diffusion-limited behavior is observed 
between − 0.68 V vs SHE and − 0.92 V vs SHE (Fig. 2c). 

Likewise, at pH 2 the AA2198-T8 alloy undergoes immediate pitting 
corrosion under anodic polarization conditions both in the absence and 
presence of lithium carbonate (Fig. 3a). A diffusion-limited behavior is 
also observed in the cathodic branch of the polarization curve however 
in the presence of lithium carbonate the cathodic branch shifts to lower 
current densities (Fig. 3a red curve). Accordingly, at pH 4 immediate 
pitting corrosion is also seen both in the absence and presence of lithium 
carbonate along with a diffusion-limited behavior in the cathodic branch 
ranging from − 0.5 V to − 0.9 V vs SHE for the blank solution. For the 
lithium salt solution, a significantly smaller diffusion-limited region of 
− 0.5 V to − 0.7 V vs SHE was observed (Fig. 3b). Contrary to AA2024- 
T3, a different response is obtained for AA2198-T8 in the presence of 
lithium carbonate in that the cathodic branch shifts to lower cathodic 
densities compared to the corresponding blank solution (Fig. 3c) thus 
limiting the corrosion current density to lower values (Table 4) [45]. 

Under moderately alkaline conditions at pH 10 and in the absence of 
lithium carbonate from the bulk electrolyte a pitting potential is 
observed for AA2024-T3 at − 0.32 V vs SHE along with a diffusion- 
limited behavior between − 0.64 V vs SHE and − 0.80 V vs SHE 
(Fig. 2d black curve). Contrary, in the presence of lithium carbonate in 
the bulk electrolyte the OCP shifts to less noble potentials by approxi-
mately 0.5 V to − 0.95 V vs SHE and both the anodic and cathodic 
branch shift to higher current densities by two orders of magnitude 
indicating higher oxidation and reduction kinetics, respectively (Fig. 2d 
red curve, Table 3). The increase of icorr in the presence of lithium car-
bonate by approximately two orders of magnitude as compared to the 
reference measurement at pH 10 is also suggesting faster anodic disso-
lution kinetics (Table 3). However, a distinct passive region of 0.81 V is 
observed in the anodic branch in the presence of the inhibitor with the 
breakdown potential to be recorded at − 0.16 V vs SHE. Similarly, the 
AA2198-T8 alloy demonstrates a pitting potential at − 0.19 V vs SHE 
under anodic polarization conditions (Fig. 3d) which is more noble than 
the one observed for AA2024-T3 in the absence of the inhibitor (Fig. 2d). 
In the cathodic branch a relative diffusion-limited behavior between 
0.61 V vs SHE and − 1.03 V vs SHE is also observed (Fig. 3d black 
curve). However, in the presence of lithium carbonate the OCP value of 
the AA2198-T8 alloy shifts to less noble potentials to about − 0.92 V vs 
SHE and a passive range of approximately 1.02 V is distinctly seen in the 

anodic branch (Fig. 3d red curve) which is larger than the one observed 
for AA2024-T3 alloy (Fig. 2d). Additionally, both the anodic and 
cathodic branch shift to higher current densities when lithium carbonate 
is present in the bulk electrolyte by one order of magnitude also indi-
cating faster kinetics (Table 4). Interestingly, however, in the presence 
of lithium carbonate the icorr value obtained for AA2198-T8 (Table 4) is 
an order of magnitude lower compared to that for AA2024-T3 (Table 3). 

Lastly, at strongly alkaline conditions of pH 13 the polarization 
curves of AA2024-T3 recorded both in the absence and presence of 
lithium carbonate present a similar electrochemical behavior except the 
fact that in the presence of lithium carbonate the anodic branch shifts to 
lower current densities in contrast to the cathodic branch which shifts to 
higher cathodic densities (Fig. 2e). In both cases, the OCP value is close 
to − 1.15 V vs SHE and a pseudo-passive region is observed to initiate at 
− 0.91 V vs OCP. Likewise, the AA2198-T8 alloy also exhibits a pseudo- 
passive behavior initiating at − 0.89 V vs SHE but in the presence of 
lithium carbonate the anodic branch shifts to lower current densities 
indicating slower anodic kinetics (Fig. 3e). Still, the icorr obtained for 
both AA2024-T3 and AA2198-T8 is higher by approximately three or-
ders of magnitude compared to the values obtained for the other selected 
pH ranges. This is attributed to the fact that aluminum is thermody-
namically unstable under strongly alkaline conditions leading to the 
anodic dissolution of aluminum generating Al(OH)

−
4 ions [46]. 

3.2. In-situ optical time-lapse microscopy 

The polarization experiments described above give no information 
on the location, size or shape of the corrosion features occurring on the 
surface of the exposed aluminum alloys or how these are influenced by 
the addition of lithium carbonate. With the aim of determining the 
localization of corrosion related reactions in the presence and absence of 
lithium carbonate, a series of experiments were performed in which the 
corroding aluminum surface of both AA2024-T3 and AA2198-T8 was 
observed using in-situ time-lapse microscopy. Optical microscopy 
cannot quantify the rate of electrochemical processes however it does 
permit a precise localization of the corrosion features and quantification 
of their lateral propagation. 

Fig. 4 and Fig. 5 display a series of images taken ex-situ at the end of 
the in-situ time lapse microscopy for AA2024-T3 and AA2198-T8 
respectively. For both alloys the exposed metal surface was immersed 
in 10− 1 M NaCl for 24 h in the presence and absence of lithium car-
bonate and the pH of the electrolyte varied at the selected range, i.e. pH 
2 to pH 13. The exposed aluminum area is a circular region of 
0.196 mm2 and PTFE tape is seen at the periphery. In all cases the total 

Fig. 1. Typical open circuit potential of AA2024-T3 and AA2198-T8 at pH 10 in 10− 1 M NaCl in the absence and presence of Li2CO3.  
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area of corrosion developed during the immersion time and at the 
different pH environments is optically seen as either dark local spots or 
dark regions against the lighter metal background. The corresponding 
videos for each in-situ time-lapse experiment are provided as supple-
mentary information (S2). 

In most cases, during in-situ time-lapse microscopy hydrogen 
evolved from the surface of the bare metal that eventually minimized the 
legibility of the optical images taken during the experimental time. 
Therefore, it was not possible to record the lateral corrosion propagation 
as a function of time. Instead, the ex-situ images taken immediately 
following the experiment and displayed in Fig. 4 and Fig. 5 were 
analyzed and the total corrosion area was measured. During image 
analysis, the dark local spots or dark regions developed against the 

lighter metal background were considered as corrosion during the 
analysis of the corroded area. 

The total corrosion area is displayed as a function of pH in the 
presence and absence of Li2CO3 in Fig. 6 for AA2198-T8 (Fig. 6a) and 
AA2024-T3 (Fig. 6b). For both alloys, between pH 2 and pH 7 there is a 
small reduction in the corrosion area on the alloy surface in the presence 
of lithium carbonate which is 24% for pH 2 and 10–16% for pH 4 and pH 
7. Greater reduction in the corrosion area is observed at pH 10 which 
corresponds to approximately 68% for AA2024-T3 and 78% for 
AA2198-T8. Lastly, no significant change was observed in the corrosion 
area of both aluminum alloys in the presence of lithium carbonate at pH 
13 and in both cases the metal surface was heavily corroded (Fig. 4j and 
Fig. 5j). 

Fig. 2. Typical potentiodynamic polarization curves as a function of time of bare AA2024-T3 exposed in 10− 1 M aqueous NaCl electrolyte at systematically varied 
pH. The black curves indicate the absence and the red curves indicate the presence of 10− 2 M Li2CO3 within the electrolyte. Label key: (a) pH 2, (b) pH 4, (c) pH 7, (d) 
pH 10, and (e) pH 13. 
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With respect to the polarization curves shown in Fig. 2 and Fig. 3, 
lithium carbonate demonstrates effective corrosion protection under 
moderately alkaline conditions at pH 10 for both AA2024-T3 and 
AA2198-T8. This protective behavior of lithium carbonate is also opti-
cally observed during the in-situ time-lapse microscopy as made mani-
fest by the great corrosion area reduction for both aluminum alloys 
(Fig. 6). Therefore, it is important to further investigate the surface 
features developed as a function of time under such conditions for both 
AA2024-T3 and AA2198-T8. Fig. 7 and Fig. 8 display sequential optical 
images taken in-situ at pH 10 showing corrosion initiation and propa-
gation for exposed AA2024-T3 and AA2198-T8 alloy accordingly both in 
the absence and presence of 10− 2 M Li2CO3. 

In the absence of lithium carbonate, pitting corrosion initiates within 

the first minute of immersion on the exposed surface of AA2024-T3 in 
the form of dark local points against the lighter uncorroded background 
(Fig. 7b) [47]. At the pitting sites metal oxidation occurs and the 
aluminum aquo-cations move into the interfacial region creating a 
charge imbalance which is neutralized by the ingress flow of chloride 
and hydroxyl ions promoting further corrosion processes [48]. Promo-
tion of pitting corrosion on AA2024-T3 in the absence of lithium car-
bonate is visible through Fig. 7c-e in which a dense population of local 
dark pitting sites is observed against the lighter uncorroded background 
and the lateral corroded area around the local anodes is covering 
approximately 56% of the total exposed metal surface following 24 h of 
immersion to the bulk electrolyte. 

In the presence of lithium carbonate, pitting corrosion also initiates 

Fig. 3. Typical potentiodynamic polarization curves as a function of time of bare AA2198-T8 exposed in 10− 1 M aqueous NaCl electrolyte at systematically varied 
pH. The black curves indicate the absence and the red curves indicate the presence of 10− 2 M Li2CO3 within the electrolyte. Label key: (a) pH 2, (b) pH 4, (c) pH 7, (d) 
pH 10, and (e) pH 13. 
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within the first minute of immersion to the bulk electrolyte on the 
exposed AA2024-T3 surface and appears as local dark points against the 
lighter uncorroded background (Fig. 7g). Over the total experimental 
time a dense population of clusters of pits is observed across the exposed 
aluminum surface (Fig. 7h-j) however the lateral corroded area around 
the local anodes after 24 h of immersion is reduced and covers 
approximately 15% of the total exposed aluminum surface (Fig. 7j). 
Please note that it is not possible to determine the depth of the pitting 
sites due to resolution of the optical microscopy. 

When bare AA2198-T8 is exposed to the bulk electrolyte in the 
absence of lithium carbonate, hydrogen evolution is immediately 
observed nucleating close to the metal/tape interface and local break-
down events of the passive natural oxide film are seen as dark local 

points against the lighter alloy matrix (Fig. 8b). The visualization of 
hydrogen evolution in the case of AA2198-T8 as opposed to AA2024-T3 
may suggest faster corrosion kinetic phenomena. Following 10 min of 
immersion, in the absence of lithium carbonate the bare AA2198-T8 
surface still does not show significant changes (Fig. 8c) whilst 
hydrogen bubbles increase in size. Contrary, in the presence of lithium 
carbonate the lighter metallic background seen in Fig. 8g becomes 
rather uniformly darker after 10 min of immersion (Fig. 8h). This 
darkening of the metallic background becomes more evident for longer 
immersion times as seen in Fig. 8i. Pitting corrosion proceeds vigorously 
at the exposed area of AA2198-T8 in the absence of lithium carbonate as 
observed by the dense population of pitting sites evolved following 
218 min of immersion (Fig. 8d). In addition, the thickening of the 
corrosion products at the top-surface of the alloy leads to reduced 
legibility of the image (Fig. 8d) and a heavily attacked surface is 
observed after 24 h of exposure to chloride-containing electrolyte 
(Fig. 8e). The lateral corroded area around the local anodes after 24 h of 
immersion for AA2198-T8 is covering approximately 85% of the total 
exposed metal surface which is slightly larger compared to the value 
obtained for AA2024-T3. 

In the presence of lithium carbonate, at immediate exposure of the 
AA2198-T8 alloy to the aqueous chloride electrolyte excess hydrogen 
evolution is observed close to the edges of the masking tape (Fig. 8g). 
Within 10 min of immersion, visual indications of a layer formation are 
observed on the exposed alloy surface which follows the local topog-
raphy as determined during polishing while occurrence of pitting seems 
to be significantly reduced (Fig. 8h). Following 218 min of immersion, 
the presence of the formed layer becomes more evident due to the 
darkening of this feature as a function of time and no further hydrogen 
evolution is observed (Fig. 8i) and this feature preserves its integrity 
even after 24 h of total experimental time (Fig. 8j). The lateral corroded 
area around the local anodes after 24 h of immersion for AA2198-T8 is 
reduced covering approximately 15% of the total exposed metal surface. 

3.3. Surface Characterization 

SEM images were acquired from AA2024-T3 and AA2198-T8 
corroded in the presence of lithium carbonate at pH 10 with the aim 
to characterize the morphology of corrosive attack and the layer formed 
on the surface of exposed aluminum as observed during the in-situ time- 
lapse experiments above. The surface characterization was focused on 
pH 10 as according to the polarization curves shown in Fig. 2 for 
AA2024-T3 and Fig. 3 for AA2198-T8 a passive region in the anodic part 
of the curve is only observed under pH 10 and at the same time a sig-
nificant corrosion area reduction for both aluminum alloys is only 

Table 3 
Electrochemical parameters for AA2024-T3 as obtained from the potentiody-
namic curves displayed in Fig. 2.  

pH Reference 10− 2 M Li2CO3 

Ecorr (VSHE) icorr (A.cm− 2) Ecorr (VSHE) icorr (A.cm− 2)  

2 -0.295 
± 0.005 

7.23 × 10− 6 

± 0.24 × 10− 6 
-0.297 
± 0.002 

6.07 × 10− 6 

± 0.19 × 10− 6  

4 -0.297 
± 0.001 

1.05 × 10− 6 

± 0.41 × 10− 6 
-0.292 
± 0.006 

1.21 × 10− 6 

± 0.60 × 10− 6  

7 -0.273 
± 0.009 

1.05 × 10− 6 

± 3.67 × 10− 6 
-0.277 
± 0.003 

9.94 × 10− 7 

± 1.57 × 10− 7  

10 -0.457 
± 0.015 

1.61 × 10− 7 

± 0.23 × 10− 7 
-0.957 
± 0.031 

1.36 × 10− 5 

± 0.03 × 10− 5  

13 -1.159 
± 0.007 

1.45 × 10− 3 

± 0.21 × 10− 3 
-1.153 
± 0.009 

1.27 × 10− 3 

± 0.14 × 10− 3  

Table 4 
Electrochemical parameters for AA2198-T8 as obtained from the potentiody-
namic curves displayed in Fig. 3.  

pH Reference 10− 2 M Li2CO3 

Ecorr (VSHE) icorr (A.cm− 2) Ecorr (VSHE) icorr (A.cm− 2)  

2 -0.408 
± 0.007 

4.87 × 10− 6 

± 0.38 × 10− 6 
-0.408 
± 0.003 

7.72 × 10− 6 

± 1.12 × 10− 6  

4 -0.350 
± 0.031 

1.94 × 10− 6 

± 0.23 × 10− 6 
-0.377 
± 0.009 

1.21 × 10− 6 

± 0.62 × 10− 6  

7 -0.390 
± 0.004 

3.05 × 10− 6 

± 0.78 × 10− 6 
-0.364 
± 0.006 

4.96 × 10− 7 

± 2.41 × 10− 7  

10 -0.416 
± 0.016 

9.52 × 10− 7 

± 4.03 × 10− 7 
-0.913 
± 0.002 

3.42 × 10− 6 

± 0.23 × 10− 6  

13 -1.222 
± 0.002 

1.49 × 10− 3 

± 0.06 × 10− 3 
-1.220 
± 0.002 

1.02 × 10− 3 

± 0.04 × 10− 3  

Fig. 4. Optical images of bare AA2024-T3 taken ex-situ. The exposed metal surface was immersed for 24 h in 10− 1 M NaCl at varied pH from 2 to 13 in the absence 
(a-e) and presence (f-j) of 10− 2 M Li2CO3. The photos illustrate the total corrosion area developed at the end of in-situ time-lapse microscopy. 

E. Michailidou et al.                                                                                                                                                                                                                            



Corrosion Science 210 (2023) 110851

8

observed at pH 10 during in-situ time-lapse microscopy. As such, Fig. 9 
shows a series of secondary SEM images obtained from the top-surface 
and cross-section of AA2024-T3 (Fig. 9a-b) and AA2198-T8 (Fig. 9c-d) 

following 30 min of immersion in aqueous 10− 1 M chloride electrolyte 
at pH 10 containing 10− 2 M Li2CO3. The 30 min of immersion to the 
corrosive medium was selected based on the time both alloys are 

Fig. 5. Optical images of bare AA2198-T8 taken ex-situ. The exposed metal surface was immersed for 24 h in 10− 1 M NaCl at varied pH from 2 to 13 in the absence 
(a-e) and presence (f-j) of 10− 2 M Li2CO3. The photos illustrate the total corrosion area developed at the end of in-situ time-lapse microscopy. 

Fig. 6. Corrosion area expressed as percentage of the total exposed metal surface for AA2198-T8 (a) and AA2024-T3 (b) as a function of pH in the presence and 
absence of 10− 2 M Li2CO3. The area is recorded by image analysis of the photos displayed in Fig. 4 and Fig. 5. 
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Fig. 7. Optical images taken during in-situ time-lapse microscopy. The photos illustrate the progression of corrosion on the bare AA2024-T3 surface under immersion 
conditions in 10− 1 M NaCl at pH 10 in the absence (a-e) and presence (f-j) of 10− 2 M Li2CO3. Time key following immersion to electrolyte: (a & f) prior exposure, (b & 
g) 1 min, (c & h) 60 min, (d & i) 218 min, and (e & j) ex-situ image after 24 h. 
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Fig. 8. Optical images taken during in-situ time-lapse microscopy. The photos illustrate the progression of corrosion on the bare AA2198-T8 surface under immersion 
conditions in 10− 1 M NaCl at pH 10 in the absence (a-e) and presence (f-j) of 10− 2 M Li2CO3. Time key following immersion to electrolyte: (a & f) prior exposure, (b & 
g) 1 min, (c & h) 60 min and 10 min accordingly, (d & i) 218 min, and (e & j) ex-situ image after 24 h. 
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immersed in the bulk solution under OCP conditions prior to the po-
larization experiments. 

Fig. 9a and c show the typical top-surface secondary image of 
AA2024-T3 and AA2198-T8 respectively taken over a secondary inter-
metallic phase particle (S-phase) [49,50] which appear lighter against 
the darker background. For both aluminum alloys the top-surface is 
covered by a homogeneous randomly oriented fine-flake morphology 
which is characteristic for hydrated aluminum oxides [48,49,51]. The 
S-phase boundary, which is defined on the image by the red curve, ap-
pears darker compared to the rest of the surface however it is not 
possible to identify the origin of this feature based solely on the top 
surface image and therefore secondary cross-sectional SEM images were 
taken (Fig. 9b and d). 

Fig. 9b and d show cross-sectional secondary SEM images taken 
along the S-phase on AA2024-T3 and AA2198-T8 respectively on which 
the platinum deposited layer appears bright in both top-view SEM im-
ages. In both cases the intermetallic particle appears lighter against the 
darker aluminum background and for AA2024-T3 a porous structure is 
observed in the top side region of the particle which is identified as the 
dealloyed area leaving a Cu-rich remnant (Fig. 9b) [47,50,52,53]. In-
dications of intermetallic particle dealloying are also visible in the case 
of AA2198-T8 appearing as dark grey regions along the edges of the 
particle (Fig. 9d). As described above, following the intermetallic par-
ticle dealloying and trenching initiation, local dissolution proceeds to 
the alloy matrix/particle interphase seen as a dark region around the 
particle on both AA2024-T3 (Fig. 9b) and AA2198-T8 (Fig. 9d) [47,50, 

53,54]. Notable is the observation that in the case of AA2198-T8 the 
dissolution at the alloy matrix/particle interphase runs along the pe-
riphery of the intermetallic particle possibly indicating particle under-
cutting from the aluminum matrix (Fig. 9d). The highest susceptibility of 
AA2198-T8 compared to AA2024-T3 has also been reported elsewhere 
[55] and it is proposed that this behaviour is associated with the pres-
ence of the T1 (Al2CuLi) phase [33–36,56–58]. The characteristic fea-
tures of hydrated aluminum oxides seen at the top-surface secondary 
images of both aluminum alloys are not seen at the cross-sectional sec-
ondary images taken at the intermetallic phase. Instead, a dark area is 
visualized suggesting trench formation. However, it should be consid-
ered that lithium is a light element of very low energy of characteristic 
radiation (54 eV) and therefore it is very difficult to analyze using 
conventional detectors [59,60]. In addition, previous work has indicated 
that an aluminum-lithium conversion layer even forms within trenched 
regions using TEM [49]. Consequently, Raman spectroscopy measure-
ments were performed in order to provide the chemical structure by 
which the protective layer formed on AA2024-T3 and AA2198-T8 can be 
identified. 

Fig. 10 shows a series of Raman spectra obtained from AA2024-T3 
and AA2198-T8 following 30 min of immersion in aqueous 10− 1 M 
chloride electrolyte at pH 10 in the presence and absence of 10− 2 M 
Li2CO3. The characteristic bands for the different forms of aluminum 
(hydr)oxides are mainly observed in the low-wavenumber region be-
tween 200 and 1200 cm− 1 which comprise of the δ(OH) and γ(OH) 
modes related to the Al(OH) deformation and Al-O-Al skeletal stretching 

Fig. 9. Secondary SEM images of both AA2024-T3 and AA2198-T8 following 30 min of immersion in 10− 1 M aqueous NaCl electrolyte containing 10− 2 M Li2CO3 
buffered at pH 10. Label key: (a) top-surface and (b) cross-section of AA2024-T3 alloy and (c) top-surface and (d) cross-section of AA2198-T8 alloy. Electron beam to 
specimen stage angle is 52◦. 

E. Michailidou et al.                                                                                                                                                                                                                            



Corrosion Science 210 (2023) 110851

12

vibrations [18,61,62]. The 585 cm− 1 and 582 cm− 1 bands observed in 
the absence of the inhibitor for AA2024-T3 (Fig. 10a) and AA2198-T8 
(Fig. 10c) respectively have been identified as non-solvated aluminate 
[62]. However, in the presence of lithium carbonate the aluminate 
bands shift to 593 cm− 1 and 598 cm− 1 for AA2024-T3 (Fig. 10b) and 
AA2198-T8 respectively (Fig. 10d) which is attributed to the solvation of 
aluminate ions to coordinated water numbers ≥ 4 [62]. It is also pro-
posed that the incorporation of water molecules via the formation of 
hydrogen bonds can decrease the enthalpy of the amorphous aluminate 
clusters thus leading to a more stable structure [62]. The hydroxyl 
stretching region is mainly observed between 2800 and 3700 cm− 1 and 
is characteristic of the v(OH) stretching mode [61]. The Raman bands 
identified for gibbsite, bayerite, diaspore and boehmite are greatly 
overlapping [61] therefore it is difficult to distinguish the identity of the 
aluminum (hydr)oxide type from the Raman spectra given in Fig. 10. 
However, under alkaline conditions bayerite is considered to be the 
stable form of the aluminum trihydroxide [17]. Lastly, in the presence of 
lithium carbonate a new Raman band is present at 1065 cm− 1 and 
1063 cm− 1 for AA2024-T3 (Fig. 10b) and AA2198-T8 (Fig. 10d) 
respectively which has been identified elsewhere as Li2Al4-

CO3(OH)12⋅3 H2O layered double hydroxide (Al-Li LDH) [18]. 

4. Discussion 

The OCP measurements taken prior to potentiodynamic polarization 
reveal no rapid OCP changes however notable differences in the OCP 
curves are observed at pH 10. In the absence of lithium carbonate a 
potential drop is observed for AA2198-T8 within the first minutes of 
immersion in the electrolyte. A similar OCP behaviour for aluminum- 
lithium alloys is reported in literature which is attributed to the disso-
lution of the natural air-formed aluminum oxide in response to the 
presence of lithium in the alloy matrix [17,33,34,63]. In the presence of 
lithium carbonate, the potential adopted by both AA2024-T3 and 

AA2198-T8 is shifted to less noble values and a sharp potential drop is 
observed within the first minutes of immersion after which the potential 
recovers to more noble values followed by a plateau. This is a typical 
OCP behaviour reported for aluminum alloys in the presence of lithium 
salts [6,49]. The initial sharp drop in the potential is attributed to the 
dissolution of air-formed oxide layer and s-phase dealloying as also 
observed during the SEM characterization of both aluminum alloys in 
Fig. 9 [6,49]. As the potential increases into a steady state, the initial 
formation of the lithium containing protective layer is taking place and 
grows further [6]. The SEM images (Fig. 9) suggest that the lithium 
containing protective layer is fully formed after 30 min of immersion in 
lithium carbonate electrolyte for both AA2025-T3 and AA2198-T8. 

The potentiodynamic polarization measurements obtained for 
AA2024-T3 (Fig. 2d) and AA2198-T8 (Fig. 3d) in aqueous chloride 
electrolyte in the presence of lithium carbonate at pH 10 suggest an 
active-to-passive transition that does not occur in the blank solution. 
Furthermore, under such alkaline condition, the presence of an AL-Li 
LDH layer is identified on the surface of both aluminum alloys 
through microscopic (Fig. 9) and Raman (Fig. 10b and d) character-
ization. With respect to the formation mechanism of the lithium con-
taining layer on aluminum alloys, it is proposed by Visser et al. [6] and 
Kosari et al. [49] that it occurs in multiple stages. The initial stages are 
identified as the activation phase where the aluminum (hydr)oxide is 
being weakened and this oxidation process contributes to the increased 
current density observed in the polarization curve of both AA2024-T3 
(Fig. 2d) and AA2198-T8 (Fig. 3d) in the presence of lithium carbonate. 

As mentioned earlier, the presence of Cu rich particles in the 
aluminum matrix contribute to the electrocatalytic activity of the 
cathodic oxygen reduction reaction [38] promoting chloride-induced 
corrosion on AA2024-T3 [30–32] and AA2198-T8 [17,33–36]. The 
addition of Cu alloying elements leads to the formation of secondary 
phase intermetallic particles including Al2CuMg (S-phase) which ac-
count for approximately 60% of the intermetallic particles present on 

Fig. 10. Typical Raman spectroscopy obtained after 30 min of immersion in 10− 1 M aqueous NaCl electrolyte for AA2024-T3 (a, b) and AA2198-T8 (c, d) in the 
absence and presence of 10− 2 M Li2CO3 at pH 10 accordingly. 
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Al-Cu alloys’ surface and matrix [64,65]. With respect to Cu-enriched 
intermetallic particles, it has been shown that local corrosion proceeds 
in four steps: dealloying-driven initiation, trench initiation, depth 
propagation and particle undercutting [49,50,53]. Initially, nano-pitting 
is formed as a consequence of the intermetallic particles dealloying in 
which the active elemental constituents dissolve away [50]. This initial 
dissolution leaves a high-surface-area porous Cu network [66] for which 
it is reported that Cu clusters detach and may redistribute contributing 
to Cu enrichment [47,50,53]. Such dissolution can be distinguished as a 
highly porous dealloyed region in the intermetallic phase investigated 
laterally with SEM for AA2024-T3 (Fig. 9b). Such a porous structure is 
not readily seen in the intermetallic particle of AA2198-T8, for which 
dealloying is visible as grey regions along the edges of the particle 
(Fig. 9d). This optical difference of the intermetallic dealloying possibly 
suggests different dissolution kinetics between the aluminum alloys 
[53]. This is further supported by the current density recorded for 
AA2024-T3 and AA2198-T8 at pH 10 in the presence of lithium car-
bonate which is 1.36 •10− 5 A.cm− 2 (Tables 3) and 3.42•10− 6 A.cm− 2 

(Table 4) respectively and differs by approximately an order of magni-
tude. The redistribution of Cu can lead to establishment of 
nano-galvanic coupling thus enhancing the driving force for local 
breakdown at the adjacent aluminum matrix. Local dissolution increases 
as a function of time and proceeds by discontinuous trenching at the 
alloy matrix and at the alloy matrix/metal interface closest to the 
dealloyed region. Such dissolution is optically observed as a dark region 
at the periphery of the intermetallic phase on the top-view SEM images 
in Fig. 9 for both AA2024-T3 and AA2198-T8. As corrosion proceeds, Cu 
may also undergo anodic dissolution within the corroding intermetallic 
particle which is attributed to the physical or electrical isolation of some 
copper segments [50,53]. At prolonged exposure time, the alloy matrix 
surrounding the particle is fully dissolved at which instance the inter-
metallic particle adopts its own corrosion potential leading to complete 
dealloying. 

In the work of Kosari et al. [49,50,53] it is reported that the dark 
periphery of the intermetallic particle is indicative of slight trenching 
and selective element dissolution. Interesting is the fact that the formed 
lithium containing protective layer is able to cover the intermetallic 
phase on both AA2024-T3 and AA2198-T8 which would otherwise act as 
a preferential cathodic site if left exposed [47,49,51]. Kosari et al. [49] 
propose that the dissolution of the surrounding aluminum matrix results 
to local Al(OH)

−
4 saturation required for the formation of a conversion 

layer in the presence of lithium salts which contributes to slower deal-
loying of the intermetallic particle. 

Under moderately alkaline conditions of pH > 9 anodic dissolution is 
promoted by both the presence of the aggressive chloride anions and the 
thermodynamic instability of the aluminum substrate which dissolves 
by reaction 2 for which the thermodynamic solubility product is Ksp 
= 10− 31.2 and Ksp = 10− 33.9 for amorphous aluminum (hydr)oxide and 
gibbsite, respectively, at 25 ◦C [46,67]. The equilibrium solubility of 
aluminum-based hydrolysis products as a function of pH also indicates 
that aluminate is the main form (reaction 3–5) in alkaline conditions and 
that the amorphous aluminum yields soluble concentrations signifi-
cantly larger than the ones obtained from crystalline gibbsite [46,67]. It 
is proposed that moderate alkaline conditions lead to thicker aluminum 
hydroxide gel layers due to lower dissolution kinetic rate compared to 
strongly alkaline pH values [6]. The direct aluminum dissolution (re-
action 3) is accompanied by hydrogen gas evolution produced through 
water reduction (reaction 2) [68,69]. 

2H2O+ 2e− = H2 + 2OH− (2)  

Al = Al3+ + 3e− (3)  

Al3+ + 3OH− = Al(OH)3 (4)  

Al(OH)3 +OH− = Al(OH)
−

4 (5) 

Studies of the aluminate ion precipitation under moderately alkaline 
conditions indicated a precipitation sequence which increases according 
to the thermodynamic stability of the involved phases as amorphous → 
pseudo-boehmite → bayerite and is dictated by the pH and the con-
centration of aluminum ions [70,71]. Pseudo-boehmite is a partially 
hydrated boehmite where the excess of water leads to an irregular lattice 
extension and thus a less-ordered structured with a high specific surface 
(200–300 m2/g) [71]. Consequently, the pseudo-boehmite surface fa-
vors the formation of bayerite via heterogeneous nucleation and this 
transformation is more dominant at high pH and aluminum concentra-
tion [70,71] considering that bayerite is the thermodynamically stable 
form of aluminum trihydroxide. Therefore, under the experimental 
conditions of pH 10 as reported during the electrochemical and surface 
characterization of the AA2024-T3 and AA2198-T8, bayerite is most 
likely formed on the surface of both alloys in the absence of lithium 
carbonate which chemical structure is also in line with the Raman bands 
reported in Fig. 10a and c respectively. 

It has been demonstrated elsewhere [70] that the presence of lithium 
within an aqueous solution greatly limits the precipitation of 
pseudo-boehmite and selectively accelerates the 
pseudo-boehmite-to-bayerite transformation with relatively rapid ki-
netic phenomena to be involved. These rapid kinetic phenomena in the 
presence of lithium carbonate can potentially lead to the higher current 
densities observed in the polarization curves of AA2024-T3 (Fig. 2d) and 
AA2198-T8 (Fig. 3d) compared to the polarization curves obtained for 
the selected aluminum alloys in the absence of lithium carbonate. The 
transformation kinetics mentioned above are dominated by the pH and 
the concentration of aluminate and lithium in the aqueous solution. 
However, even though the presence of lithium is greatly affecting the 
formation of bayerite, it does not affect its thereafter growth properties 
[70]. Contrary to other alkali metals, lithium also co-precipitates with 
aluminum trihydroxide via intercalation into the structure [72] due to 
its significantly small ionic size thus decreasing the residual electron 
density of the aluminate polyhedron. As a result, the aluminate poly-
hedron adopts an increased tendency to act as an electron acceptor. 
Electroneutrality is achieved by the accumulation of negatively charged 
ions, usually carbonates, at the interlayer of the aluminum trihydroxide 
structure thus resulting into the formation of an Al-Li layered double 
hydroxide. For the initiation of this conversion process however it is a 
prerequisite to achieve supersaturation of the solution by Al(OH)

−
4 

which is fulfilled through the direct dissolution of the aluminum matrix 
as described above [49]. 

For the formation of the Al-Li LDH it is important to preserve the pH 
of the aqueous solution at moderately alkaline conditions. The reactants 
for the aforementioned hydrotalcite-like compound are considered to be 
the aluminate ions, lithium ions and carbonate anions [17] for which 
their monomeric hydrolysis products are present in significant quanti-
ties in moderately alkaline aqueous solution. Assuming that the required 
local supersaturation is achieved, the conversion layer may form on the 
aluminum alloy matrix and respective intermetallic phases [49]. The 
formation of Al-Li LDH at the selected experimental conditions of pH 10 
has been identified by Raman spectroscopy at 1065 cm− 1 and 
1063 cm− 1 for AA2024-T3 (Fig. 10b) and AA2198-T8 (Fig. 10d) 
respectively. As revealed further by SEM characterization, the Al-Li LDH 
is uniformly formed on the surface of the selected aluminum alloys 
covering also the otherwise electrochemically active intermetallic pha-
ses. The presence of a distinct passive region in the anodic branch of 
AA2024-T3 (Fig. 2d) and AA2198-T8 (Fig. 3d) in the presence of lithium 
carbonate indicates the protective nature of the formed Al-Li LDH layer. 
The anodic dissolution of the aluminum matrix at the interface with the 
secondary intermetallic phase as observed by secondary SEM images 
(Fig. 9) suggests the importance of the aluminum matrix dissolution and 
supersaturation of solution with aluminate ions prior to the protective 
Al-Li LDH formation as also proposed by Kosari et al. [49]. Notable is the 
fact that greater anodic dissolution is observed for AA2198-T8 (Fig. 9d) 
for which the greater corrosion susceptibility [55] is proposed to be 
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associated with the presence of the T1 (Al2CuLi) phase [33–36]. 
Consequently, the aforementioned argument regarding the importance 
of anodic dissolution in the formation of the protective layer is further 
supported. 

Lastly, as discussed above, the aluminate ions are an integral part of 
the Al-Li LDH structure which offers corrosion protection on AA2024-T3 
and AA2198-T8 at moderately alkaline conditions. However, the 
aluminate ions are thermodynamically unstable under acidic/near- 
neutral and strongly alkaline conditions due to the rapid monomeric 
hydrolysis of the aluminium aquo-cations in Al3+ and aluminum (hydr) 
oxide accordingly [46]. At low pH, amorphous structures are present 
instead of crystalline precipitates with the predominant hydrolyzed 
aluminum species to be 6-fold coordinated as opposed to the tetrahedral 
coordination of aluminum ions in alkaline pH [46]. However, at strongly 
alkaline pH the increased degree of hydrolysis of the aluminum species 
prevents possible precipitation into aluminum trihydroxide [73]. 
Consequently, a hydrotalcite-compound cannot be formed under the 
current strongly alkaline experimental conditions which also explains 
the lack of a passive behavior on the polarization curves of AA2024-T3 
(Fig. 2a-c and e) and AA2198-T8 (Fig. 3a-c and e) at pH ≤ 7 and pH 13 
[17]. 

5. Conclusions 

It is demonstrated that lithium carbonate offers corrosion protection 
on both AA2024-T3 and AA2198-T8 under moderately alkaline condi-
tions by the formation of a protective Al-Li LDH layer. The formation of 
this protective layer occurs through an active-to-passive transition 
which involves multiple stages. Initially the aluminum matrix undergoes 
anodic dissolution and once the required solution supersaturation with 
aluminate ions is achieved locally the conversion layer formation pro-
ceeds on the aluminum matrix and intermetallic phases. Even though 
the Al-Li LDH layer is formed on both AA2024-T3 and AA2198-T8, 
AA2198-T8 shows a higher susceptibility to anodic dissolution attrib-
uted to the T1 phase presence in the alloy matrix. Lastly, corrosion 
protection in the presence of lithium carbonate is only observed at 
moderately alkaline conditions. At acidic/near neutral and strongly 
alkaline aqueous solutions, the aluminate ion, which presence is a pre-
requisite to the conversion layer formation, is either not formed or is 
thermodynamically unstable. The hydrolysis kinetics of aluminum ions 
in acidic/near-neutral pH and the generation of aluminate ions in 
strongly alkaline pH result in insufficient solution supersaturation hin-
dering the formation of the Al-Li LDH layer. 
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