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The quest for novel alternatives to hexavalent-chromium-based corrosion inhibitors is of utmost significance and
urgency. Strict international health and safety regulations, due to growing concerns regarding the impact of
hexavalent chromium on human health and the environment, have pushed the commercial introduction of many
alternative inhibitor types, but the implementation of alternative active protective primers for structural parts in
the aerospace industry is still pending. This endeavour has proven to be remarkably challenging, as the potential
replacement coating types must meet numerous functional requirements encompassing cost-effectiveness and
exceptional corrosion protection for intrinsically corrosion susceptible aerospace aluminium alloys. In recent
years, considerable attention has been drawn to lithium salts as environmentally friendly corrosion inhibitors
forming the basis for a novel active protective coating technology. The involvement of lithium ions has been
shown to play a pivotal role in the conversion process of aluminium alloy surfaces by stabilizing the reaction
products, thereby facilitating the gradual development of a protective layer with a multi-layered configuration,
which exhibits considerable variability in morphology, depending on local chemical and electrochemical con-
ditions. The versatility of the lithium-based corrosion protection extends to their application as corrosion
inhibiting pigments in organic coatings or as a pre-treatment, directly forming conversion layers, thereby
enhancing their practical implementation. However, previous chromate replacement reviews only introduced the
promising outcomes provided by the lithium technology, omitting key details of its development and formation
mechanism. This paper critically reviews and summarizes the studies conducted to date on lithium-based in-
hibitor technologies for the corrosion protection of aluminium alloys as well as topics to be investigated in the
future.

1. Introduction

Aerospace aluminium alloys have found extensive use in the aero-
space industry and other transport sectors due to their notably high
strength-to-weight ratio, favourable elastic moduli, malleability, form-
ability, and cost-effectiveness [1-4]. Alloying elements which form
various hardening precipitates significantly enhance the mechanical
properties of aluminium alloys [5]. However, the addition of multiple
elements also contributes to a complex and highly heterogeneous
microstructure which makes aluminium alloys susceptible to localized
corrosion [4,6-8]. Therefore, the corrosion protective demands in
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practical applications for reliable and effective pre-treatments and
coatings applied to aluminium alloys are enormous [9]. For decades, the
application of hexavalent-chromium-based inhibitors by spraying or
immersing metallic parts into chromate-based aqueous solutions and by
leaching from chromate-containing organic coatings for the protection
of aluminium alloys have been a reliable corrosion protection strategy
with an extensive track record [10-14]. Hexavalent chromium com-
pounds have long been used as effective inhibitors due to their ability to
form a dense, active and self-healing corrosion protective layer on the
surface of various aluminium alloys, providing excellent corrosion
protection [15]. However, the toxicity and environmental concerns

0257-8972/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:J.M.C.Mol@tudelft.nl
www.sciencedirect.com/science/journal/02578972
https://www.elsevier.com/locate/surfcoat
https://doi.org/10.1016/j.surfcoat.2024.130441
https://doi.org/10.1016/j.surfcoat.2024.130441
https://doi.org/10.1016/j.surfcoat.2024.130441
http://creativecommons.org/licenses/by/4.0/

Z. Lietal

associated with hexavalent chromium inhibitors have led to a growing
and urgent demand for alternative, environmentally friendly inhibitors
[13,16].

In response to this demand, significant efforts have been imple-
mented for the exploration of chromate-free protective schemes for in-
dustrial applications. These processes can be mainly divided into two
groups: chromate-free pre-treatments and chromate-free organic coat-
ings [17-24]. Ideally, these alternative processes should exhibit similar
performances to chromates, i.e., providing effective corrosion protection
to the substrate under various harsh service environments and mani-
festing self-healing properties when defects are generated on the pro-
tected surfaces. For surface treatments, various technologies including
molybdate [25], vanadate [26], permanganate [27], phosphates [28],
silanes [29], sol-gels [30], and rare earth-based compounds [31,32] etc.
for chemical conversion coatings, have been proposed. As for organic
coating systems, most of the recommended inhibitors are inorganic
based, such as vanadate [33] and praseodymium [34] as leaching in-
hibitors, and Mg-rich or Al-rich primers [35,36] as galvanic inhibition
strategies. Lithium (Li) salts possess the advantages of being promising
candidates, both as chemicals for conversion treatments [20,37,38] and
as compounds that are leachable from organic coatings [39-43].

The introduction of Li in the scope of pretreatments dates back to the
1980s when Gui and Devine [38] generated a Li-based conversion layer
on AA6061-T6 by applying anodic polarization in a deaerated Li;CO3
solution. The resulting passivation effect was not observed when the
panels were tested in Li-free carbonate solutions. Similarly, local
passivation of the crack wall observed from Al-Li alloy 2090 was enabled
under an alkaline and CO»-bearing environment [44], but this dilute Li
containing environment could not generate a uniform passivation layer
over the entire alloy surface. Rangel and Travassos [45,46] then pro-
vided evidence for the irreversible formation of a Li-based conversion
layer, applied in a conversion bath of 0.5 M Li»COs3, using cyclic vol-
tammetry on pure aluminium coupons. In addition, it was also noticed
that the presence of oxygen is a key factor for the growth of the Li-based
conversion layer under open circuit potential (OCP) conditions. Besides
the commonly employed Li;CO3, LiOH or Li;SO4 were noted to enable
passivation of aluminium alloys as well [45,46]. A detailed composi-
tional analysis, conversion process optimization and surface modifica-
tions were reported by the pioneering work from Buchheit et al.
[20,21,37,47-55] for a variety of commercial aluminium alloys. In the
beginning, using a higher concentration (0.1 M) of Li»CO3; combined
with LiOH for pH adjustment, an immersion duration of 15 min under
OCP was applied to produce an effective protective film, which made it
more suitable for industrial applications. However, this process duration
is still longer than traditional chromate-based conversion treatments,
which is usually < 180 s at ambient conditions [56]. X-ray diffraction
analysis revealed that the composition of the film was mainly poly-
crystalline Lis [Aly(OH)s | ,CO3-nH20, which is a common Li/Al layered
double hydroxide (LDH) layer [37,57]. Later, further studies indicated
that elevating the conversion bath temperature, the addition of
oxidizing agents to the conversion bath and post heat treatment of the
freshly-formed conversion layer in air or distilled water, produced a film
with a higher corrosion resistance by effectively reducing the porosity of
the conversion layer [54]. Furthermore, the addition of transition- or
rare earth compounds into the freshly-formed conversion layer provides
the LDH layer with enhanced corrosion protection and self-healing
abilities [58-60]. For instance, it was shown that a Li/Al LDH-based
conversion layer sealed by immersion in Ce-containing solutions, ex-
hibits self-healing behaviour due to the presence of Ce ions [61]. Earlier
studies were usually performed at a relatively high concentration and
high pH of Li»COj3 (e.g., 0.05 M or 0.1 M) [38].

The protective layer formation process by leaching from coatings
shows notable differences compared to that for the “static” conversion
process within the electrochemical cell. Immersion of aluminium alloys
in a lower concentration of Li;COs (0.01 M) was investigated only
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recently, since this specified concentration was believed to be compa-
rable to the local concentration of Li,CO3 within an exposed artificial
scratch in an organic coating, loaded with Li;CO3 [62-65]. In other
words, a simplified environment was created to mimic the local envi-
ronment involving a complex organic coating system. An artificial
scratch deep into the alloy surface was created to evaluate the active
corrosion protection process [39,40]. Visser et al. [39,66] have incor-
porated Li salts, such as LioCO3 and Li-oxalate in polyurethane and
epoxy coatings and studied the leaching of the Li ions and the active
corrosion protective properties in a scribe after exposure to continuous
salt spray testing (ASTM B117) and demonstrated the formation of a
protective Li-containing layer. Marcoen et al. [67] monitored the
leaching of Li salts into a coating defect as a function of salt spray
exposure time by time-of-flight secondary ion mass spectrometry (ToF-
SIMS). The scribes were completely covered with a Li-containing pro-
tective layer within 15 min. Initially, a Li-pseudoboehmite barrier layer
formed on the substrate surface and after longer exposure times, Li/Al
LDH started to form and eventually covered the surface. Trentin et al.
[68] investigated the role of Li salts in PMMA-silica coatings. They found
that increasing the LioCO3 loading could enhance the corrosion protec-
tion, and the incorporation of Li ions resulted in significant modification
of the hybrid structure through the formation of a dense and highly
cross-linked hybrid network. Subsequent work studied the ion transport
pathways within the organic coating and revealed its complex diffusion
mechanism [69,70]. These studies enable researchers to understand
how Li-based inhibitors are delivered from the primer matrix when
exposed to an electrolyte and hence allow the further development of a
complex coating constitution for optimal leaching kinetics. Apart from
the corrosion protection of aerospace aluminium alloys, applications of
Li salts to Portland cement paste containing an aluminium substrate
were reported recently [71]. AA1100 encapsulated in Portland cement
pastes is effectively protected with the addition of LiNO3 or Li,CO3
through the formation of a protective film.

More recently studies of the Li-based conversion process already
have moved into the microscale or nanoscale level to help elucidate the
mechanism of the growth stages and influential factors which are
important for the realization of a relatively fast formation rate and
enhanced corrosion protection [72]. Fig. 1 summarizes (i) the perfor-
mance and formation mechanism of the Li-based conversion coatings,
(ii) the performance and action of inhibitors at Li leaching organic
coating defects, and (iii) its in-coating mobility and leaching properties
based on previous work, which will be subsequently presented in further
detail in the next sections. Finally, this review provides a concise outlook
on the overall applications of Li salts for the corrosion protection of
aluminium alloys.

2. Li-based chemical conversion coating performance and
mechanism

LDH materials represent a class of compounds categorized as anionic
clays, exhibiting intricately adjustable brucite-like structures [73].
These compounds exhibit a distinct arrangement wherein mixed metal
MM and MM hydroxide layers exhibit a positive charge, which is
counterbalanced by anions (denoted as A’") and water molecules within
the interlayered region. The major group of LDHs can be formulated
as [MI__M"(OH), |*" (AY"), /yNH20, where M™ and M™ are divalent
and trivalent metal cations, respectively, and A’~ represents the inter-
layer anions, x is in the range of 0.22-0.33 [74]. The isomorphous
replacement of trivalent cations for divalent cations in the hydroxide
layer of LDHs leads to excess positive charges in the layer. LDH chemical
conversion coatings have attracted attention recently as corrosion pro-
tective films for various metal substrates [75-79]. LDHs have gained
significant attention in the realm of corrosion protection owing to their
characteristics including cost-effectiveness, high surface area, favour-
able adhesion to substrates, eco-friendly nature, ion-exchange
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Fig. 1. Li-based inhibitors and coating technology including (i) the performance and formation mechanism of the chemical conversion coating, (ii) the performance
and action of inhibitors at Li leaching organic coating defects, and (iii) the mobility and leaching properties of Li salts.

capabilities, self-healing, and the accessibility of a diverse array of
anionic and cationic components [80-82]. For instance, a Zn/Al LDH
layer was synthesized on AA2024-T3 including the intercalation of the
inhibitor diethyldithiocarbamate through an ion-exchange procedure,
which provided active corrosion protection to the substrate [82]. Vieira
et al. [83] reported that the corrosion protection provided by the Mg/Al
LDH conversion coating could be extended by the release of incorpo-
rated Ce ions. Except for serving as a physical barrier layer, LDH parti-
cles could be doped into sol-gel coating systems to enhance the corrosion
protection through absorbing aggressive anion ions or releasing stored
inhibitors [84-86].

In addition to M!/M™ compositional LDHs, another distinct category
of LDHs is represented by Li/Al LDHs, bearing the formula

[LiAlz(OH)6]+A{;y~nHZO. Within the framework of the Li/Al LDH

structure, the Li cations are positioned in the unoccupied octahedral
sites within the aluminium hydroxide layer, where the aluminium ions
occupy two-thirds of these octahedral sites, thereby contributing to the
positive charges characterizing the hydroxide layer [74]. The process of
intercalating Li salts into the structures necessitates the perturbation of

oL
@ A

@ anions

the hydrogen bonding networks, along with the reconfiguration of the
hydroxide layers. Notably, a previously reported activation energy of 27
kJ mol ! has been associated with the intercalation reaction of gibbsite
involving Li species [87]. In addition, the intercalation process is
reversible. For instance, the de-intercalation process occurs when the
freshly-formed Li/Al LDH is exposed to a Li-free liquid environment
leading to crystalline aluminium hydroxide products [88]. A detailed
structure of Li/Al LDHs and its de-intercalation through calcination is
provided in Fig. 2 [89]. The reversible intercalation capability has been
widely used in the extraction and collection of Li ions from salt lake
brines [90-92]. It has been reported that the Li/Al LDH layer retains the
highest charge density of all LDHs, thus indicating a higher anion ex-
change capacity as compared to other types of LDHs [93].

LDH conversion coatings grown on metallic substrates can be pre-
pared generally using one step in-situ growth or co-precipitation
methods [94]. The process of co-precipitation is based on crystalliza-
tion of LDH in an alkaline solution containing M' and/or M" and M™
cations precursors. The metal substrate is also a source of metal cations.
However, for the case of one step in-situ growth method, all cations must
originate from the metal substrate, which makes it limited to certain

Fig. 2. Crystal structure of Li/Al LDH and its de-intercalation process. Reprinted from [89] with permission from the Royal Society of Chemistry.
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alloys. Heating usually is necessary for the effective crystallization of
LDH coatings for which temperature elevation, hydrothermal growth,
and steam treatment are common heating procedures [94].

One performance criterion for Li-based conversion layers is their
stand-alone corrosion protection. Multiple tests performed by Buchheit
et al. [47,50,51] like salt spray testing, potentiodynamic polarization,
and electrochemical impedance spectroscopy (EIS) were used to eval-
uate the performance of the Li-based conversion layer in order to
determine its eligibility for substituting traditional hexavalent chro-
mium. The structure, properties and performance of the Li-based con-
version layers strongly depend on the bath chemistry. For instance, the
addition of LiOH for pH adjustment, of aluminate salts for promoting the
precipitation, and of oxidants for improving the oxidizing power are
necessary to develop high quality conversion layers; the conversion bath
solely containing LioCO3 cannot reach the benchmark set by traditional
hexavalent-chromium-based inhibitors [54]. It was observed that the
conversion layer improved the corrosion resistance by inhibiting both
anodic and cathodic reactions due to the uniformly grown film covering
both the aluminium matrix and intermetallic particles (IMPs) [48]. The
corrosion protection provided by the conversion layer was sufficient to
inhibit pitting corrosion on AA1100 and AA6061-T6 during ASTM B-117
salt spray exposure but failed to provide effective protection on AA2024-
T3 based on identical conversion bath procedures, due to the higher Cu
content of the latter [48]. In general, the corrosion protection provided
by the conversion layers grown over AA2024-T3 is more difficult to pass
the salt spray test requirements compared to that of AA6061-T6 under
the same procedures since AA2024-T3 is intrinsically less corrosion
resistant [50]. Thickening the conversion layer by extending the im-
mersion duration, removing the enriched surface Cu during the con-
version growth process, or sealing by incorporating other inhibitors are
effective corrosion protection methods to withstand salt spray exposure
especially for aluminium alloys with high Cu content [52]. Another
factor that should be paid attention to is the self-healing property of the
conversion layer. Buchheit et al. [54] observed that AA2024-T3 panels
treated in the lithium salt bath containing oxidizing agents presented an
increased low-frequency impedance modulus value with exposure time.
This “healing” effect may be attributed to the low-temperature hydro-
thermal sealing of the coating. Another possible reason is that LDH
layers can serve as chloride ion sorbent due to their anion exchange
abilities. By this way, the chloride scavenging effect hinders chloride
ions to reach the surface of the substrate [95,96]. Yan et al. [97]
observed the self-healing capacity of a Zn/Al LDH grown on pure
aluminium substrates. This self-healing was due to the local dissolution
of the original Zn/Al LDH close to the scratch upon exposure to the
corrosive electrolyte, which provided suitable conditions for the
recrystallization of the Zn/Al LDH at the defect. This mechanism was
also postulated to explain the self-healing ability of certain Li/Al LDHs
[98,99]. In summary, Li-based conversion layers may be able to provide
stand-alone corrosion protection comparable to that provided by tradi-
tional hexavalent-chromium-based chemistries, but at the cost of longer
immersion time, relatively high energy consumption for application at
elevated temperatures and complex and strict application procedures,
which may have hampered its introduction in industrial applications.
The demonstrated self-repair capability of LDH conversion coatings
[97-99] suggests that effective corrosion protection can be achieved
even without external inhibitor intercalation; however, a more in-depth
exploration of its corrosion protection efficiency is still needed.

The formation process of the Li-based conversion layer includes a
rapid dissolution caused by the highly aggressive (pH 13) conversion
bath followed by a protective conversion layer growth covering the
entire alloy surface. Rangel and Travassos [45,46] predicted a dual
structure of the conversion layers through the interpretation of EIS
spectra which was confirmed by Buchheit et al., however, the thickness
of the dense layer is very thin under high alkaline conditions [37,52].
Experimental studies have revealed that the aluminium surface un-
dergoes mainly two dissolution and one precipitation stage when
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exposed to water or alkaline environments: (i) the dissolution of a
naturally formed oxide layer and the appearance of an amorphous hy-
droxide layer, (ii) the dissolution of the amorphous layer to aluminate
species, and (iii) the precipitation of these species as hydroxide products
[50,100]. As a result, a dual layer with a poorly crystalline boehmite or
pseudoboehmite inner barrier layer and a crystal boehmite or bayerite
(longer ageing times) outer non-barrier layer. Pseudoboehmite here is
more prevalent since it forms rapidly but not readily crystallizes [50]. A
highly alkaline solution does not change this procedure but accelerates
the dissolution and postpones the precipitation due to a higher solubility
of aluminate ions. The presence of Li ions in alkaline solutions also does
not change this reaction sequence but will alter the precipitation prod-
ucts, resulting in a more corrosion protective film. Previous studies
showed that the outer Li/Al LDH layer here was merely a minor corro-
sion barrier, the inner layer was the dominant contributor for corrosion
protection [62,101]. One example of the Li-based conversion layer
structure grown on the aluminium matrix is shown in Fig. 3, which in-
cludes a distinct inner dense layer (red arrow) and a columnar outer
layer (blue arrow). Li ions distribute within the entire inner and outer
layer (shown in Fig. 4), and the inner layer mainly consists of Li-
pseudoboehmite. It has been reported that amorphous aluminium hy-
droxide can serve as Li-sorbents to collect Li from brine lakes, and a low
Li content limits an effective transformation of amorphous aluminium
hydroxide into crystalline Li/Al LDH [102-104].

Recent studies conducted by Visser et al. [62] and Kosari et al. [101]
discussed the conversion bath containing Li;CO3 and NaCl to establish a
detailed Li-based conversion layer formation model. While the Li-based
conversion layer immersed in a lower concentration LioCO3 (0.01 M)
failed to provide similar corrosion protection compared to that formed
at higher concentrations, the reported conversion layer formation
mechanism remained the same. The formation model that was estab-
lished is provided in Fig. 5. The existence of three types of IMPs (S-, 6-
and constituent phases) is considered here. The entire formation process
discussed in these works can be divided into five stages: After exposure
to the aggressive conversion bath (pH > 10), the air-formed oxide layer
experiences a fast dissolution followed by the dissolution of the
aluminium matrix and the dealloying of IMPs, most notably the elec-
trochemically active S-phase (Stage I) [62,101]. This morphological
change is reflected by a sharp drop in the OCP. The initial dissolution
rate might differ between intermetallic particles and the Al matrix and
even vary within the aluminium matrix [72]. This phenomenon is
caused by the heterogeneous compositional distribution across the
aluminium alloy surface. During stage II, the Al matrix still undergoes
massive dissolution and the S-phase first exhibits a fast dealloying which

Fig. 3. Cross-sectional image of the Li-based conversion layer on AA2024-T3.
The panel (Exposed surface: 10 mm in diameter) was immersed in a 0.01 M
Li»CO3 and 0.01 M NacCl solution (volume: 0.321 mL) for a duration of 7 h. The
red arrow refers to the inner dense layer while the blue arrow indicates the
outer columnar layer. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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TEM image

Al EF-TEM map
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Li EF-TEM map

Fig. 4. Bright field transmission electron microscopy (TEM) images and the corresponding energy filtered (EF)-TEM maps of Al and Li distribution of the Li-based
conversion coating from an Li leaching organic coating sample with defect after 168 h neutral salt spray: (a) the entire layer formed in the peripheral region; the
yellow arrows indicate Li-free region, (b) at columnar layer/porous layer interface and (c) a single columnar LDH top layer [105]. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

results in surface enrichment of Cu, leading to the transition of the S-
phase from an anodic to cathodic nature and accompanied by the
appearance of trenches around its perimeter [101]. The Cu enrichment
drives the OCP in the positive direction. Meanwhile, the crystalline Li/Al
LDH is not formed until the concentration of aluminate ions at the alloy/
solution interface reaches a supersaturation threshold concentration.
Considering the high pH at the alloy/solution interface during the initial
stages (I and II), aluminate is more chemically stable in the medium. The
decease of pH and gradual saturation of aluminate over time slow down
the dissolution kinetics of the aluminium alloy surface, especially when
the dissolution front penetrates deeper, thus generating a larger diffu-
sion distance [72]. At stage III, the columnar Li/Al LDH appears when
the local concentration of aluminate reaches supersaturation [72,101].
Nevertheless, different regions attain aluminate supersaturation asyn-
chronously. Areas with a higher aluminium dissolution rate reach
aluminate supersaturation earlier. For example, the appearance of the
top columnar layer over the S-phase on AA2024-T3 precedes that over
adjacent aluminium matrix (this even already occurs at the end of stage
II), whereas the relatively electrochemically stable 6-phase and con-
stituent phase do not show evidence of the formation of a columnar layer

earlier than the aluminium matrix [101]. The aluminium source for the
S-phase originates from the dealloying of its aluminium content. The
0-phase and constituent phase both experience a slight dealloying, but
this limited dealloying cannot provide sufficient aluminium to support
the precipitation of crystal Li/Al LDH. In addition, the newly formed Li/
Al LDH may dissolve again at the location closer to the solution side
[72]. At stage IV, the size and number of Li/Al LDH plates both increase
over the aluminium matrix as well as over the S-phase. Meanwhile, the
Li/Al LDH starts to appear over the 0-phase and constituent phase. This
local supersaturation is mainly caused by the lateral propagation of the
aluminate ions from the adjacent aluminium matrix. Finally, at stage V,
the densification of the Li/Al LDH slows down the diffusion process
between the metal/LDH interface and the liquid environment, which
results in a lower pH at the metal/LDH interface. A lower pH and also a
lower supply of Li ions enables the densification and thickening of the
inner protective layer. Simultaneously, the top LDH layer exhibits sus-
tained growth via the precipitation of lithium-containing species, lead-
ing to the coarsening of its columnar structure. It should be noted that
the inner dense layer is absent above S-, 6-, and constituent phases due to
an insufficient supply of dissolved aluminium, which may create weak
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Fig. 5. Schematic overview of the formation mechanism of the Li-conversion layer on AA2024-T3. The conversion layer formation stages are linked to the OCP. This
schematic depicts the local morphological variation of the layer formation at the alloy matrix and IMPs [101].

spots in the protective layer. Upon reaching Stage V, the system attains a
state of pseudo-stability, reflected by a plateau in the OCP curve, which
is attributed to the passivation effect induced by the mature Li-based
conversion layer. Currently, detailed conversion layer formation
mechanism analysis is only performed on AA2024-T3. While a similar
conversion layer growth mechanism is expected on other commercial
aluminium alloys, its investigations are still pending. This is due to the
presence of compositionally varying IMPs in various aluminium alloys,

potentially giving rise to disparate effects on the local development of
the Li-based conversion layer especially at IMPs.

Usually, for bulk specimens the conversion layer consists of a bilayer
structure, whereas ultra-thin samples prepared for liquid-phase TEM
(LP-TEM) characterization contain an extra middle porous structure
[72,101]. It has been reported that the porous structure observed for
layers formed from the organic coating system consists of a mixture of
Li-pseudoboehmite and Li/Al LDH [105]. This difference might be
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attributed to variations in local liquid environments, which is caused by
the different ratio of the exposed surface to the volume of the electrolyte.
For the bulk material, a higher surface-to-volume ratio shows a faster pH
decrease during the conversion layer growth period since the hydroxyl
ions are consumed continuously. A moderate pH is beneficial for the
stability of the top columnar layer as well as the formation of the inner
dense layer [72]. This explains why the transitional middle porous layer
between the outer crystalline LDH layer and the inner dense layer is not
observed to grow over the bulk sample, since the local pH close to the
conversion layer is less aggressive for the case of bulk samples. In
addition, the top LDH layer is very porous and the protective behaviour
is dependent on the thickness of the inner barrier layer at the interface
between the metal and the protective coating [106].

Based on the formation mechanism mentioned above, several influ-
ential conversion bath factors on the Li-based conversion layer growth
are discussed here. Local supersaturation of the aluminate ions neces-
sitates the growth of the Li-based conversion layer. Therefore, adding
aluminate ions (by dissolution of pure aluminium in the conversion bath
or the addition of aluminate salts) into the conversion bath containing
lithium salts enables a better performance in salt spray tests [49].
Another finding that supports the importance of the supersaturation of
aluminate ions is that the conversion layer formation is very sensitive to
the volume of the conversion electrolyte (containing 0.01 M Li,CO3)
[72]. A small volume of electrolyte generates a conversion layer
providing a higher corrosion resistance. The experimental results from
Kosari et al. [101] show that it takes several hundreds of seconds to
reach local supersaturation, which implies that a certain amount of
aluminate ions may diffuse away from the alloy surface and does not
contribute to the formation of the Li/Al LDH. A smaller liquid volume is
beneficial to restrict the diffusion of aluminate ions. Therefore, it ap-
pears that shortening the duration for realizing the supersaturation of
aluminate ions favours a high-quality conversion layer formation.
Alloying elements also play an important role in the quality of the Li-
based conversion layer. Up to now, only the effect of Cu was reported
by Buchheit et al., which shows that its presence is detrimental for the
quality of the Li-based conversion layer. Aluminium alloy surfaces
enriched with Cu generate a thinner conversion layer as compared to Cu-
free alloy surfaces [52]. Moreover, a freshly-formed Li-based conversion
layer, generated in a conversion bath at pH 11.5, on AA2024-T3 showed
a much higher corrosion resistance after immediate re-immersion in a
high pH (approximately 13.5) conversion bath containing Li,CO3, LiOH,
and NaAlO,. This is due to the removal of the surface enriched Cu when
exposed to a high pH solution containing carbonate ions. A possible
reason to explain the unfavourable effect of Cu is that it acts as a noble
element. Cu enrichment over the alloy surface during the conversion
layer formation drastically increases the OCP which impedes the
hydrogen evolution for a short period. Meanwhile, a fast dissolution of
aluminium is necessary to provide sufficient aluminate ions in order to
reach the supersaturation state before the formation of the conversion
layer. Therefore, fast cathodic reactions are very important for the
counterbalance of the rapid anodic dissolution. Oxygen reduction is
insufficient to support a large cathodic current, due to its limited supply
by the diffusion through air, which hinders the continuous supply of
aluminate ions. This explanation also corresponds to the finding that the
conversion bath added with oxidizing agents is favourable to enhance
the corrosion resistance of the conversion layer, since these oxidants
consume electrons which promotes the aluminium dissolution. The
distribution of Cu throughout the entire Li-based conversion layer has
been reported before [72], but its influence on the structural stability of
the Li-based conversion layer still requires further investigation. Cu
aside, the effects of other noble alloying elements still remain uncertain,
which necessitates additional study.

Except for a qualified stand-alone corrosion protection capacity
provided by the chemical conversion coating, another criterion to
evaluate Li-based conversion layers is their interfacial bonding to
organic coatings, as well as the overall corrosion protection within a
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coating system. Some early work performed by Buchheit et al. [53]
revealed that Li-based conversion layers prepared by nine different
conversion baths showed favourable stand-alone performance
compared to bare AA2024-T3, but worse behaviour for an organic
coating system, i.e. a Li-based conversion layer covered by commercial
primers compared to the non-conversion coated but primed sample. One
possible reason lies in the reversibility of the intercalation of the con-
version layer formation process. The liberation of ions during the de-
intercalation beneath the primer establishes an osmotic gradient,
thereby promoting the ingress of water from the external environment.

3. Li-based inhibitor coating technology and performance

Apart from the studies on the Li-based chemical conversion layers,
the exploration of Li-containing species as leachable corrosion inhibitors
that can be incorporated into organic coatings makes notable progress.
The incorporation of Li salts in a coating was based on the previous
studies of the Li-based chemical conversion coating [47-51,55]. The
hypothesis whether it was possible to generate a protective film in a
defect directly from a coating was postulated based on this prior work. In
2010, the utilization of Li salts loaded in a coating as a replacement for
SrCrO4 primers was first reported by Visser and Hayes [107], revealing
fast, effective and irreversible corrosion protection after a neutral salt
spray test exposure for 168 h [39,108]. The primer was a fully formu-
lated polyurethane primer system consisting of the pigment TiOy and
extenders MgO and BaSO4 and the inhibitor, LioCO3. AA2024-T3 panels
were anodized in tartaric-sulfuric acid according to aerospace re-
quirements (AIPI 02-01-003) before spraying the Li-containing primer.
The Li-containing primer has been proven to provide comparable
corrosion protection as traditional hexavalent-chromium-containing
organic coatings [42]. Although Li salts may not be the candidate that
offers the highest intrinsic corrosion inhibition properties as compared
to certain organic inhibitors like benzotriazole (BTA) [109] and 2-mer-
captobenzothiazole (2-MBT) [110] when exposed to an inhibitor-
containing electrolyte, they do show the highest remaining inhibition,
i.e. irreversibility, when subsequently exposed to a non-inhibitor con-
taining corrosive solution [108]. This irreversibility of corrosion inhi-
bition is an important factor when selecting favourable candidates,
especially for long-term corrosion protection after the depletion of
loaded inhibitors inside the coating matrix [108]. The results reveal that
the Li-based protective layer formed inside a scratch still provides con-
stant corrosion protection even after a re-immersion of 5 days in a Li-free
solution, whereas BTA and 2-MBT both present a reversible nature,
resulting in severe corrosion of the aluminium alloy in case of a
diminishing supply of inhibitors.

Assessment of the protective efficiency of organic coatings loaded
with Li salts is commonly achieved through the introduction of an
artificial scratch (usually 1 mm in width) in these coatings, and
comparing its corrosion performance to reference clear coating systems,
i.e. in the absence of inhibitors [39-43]. Optical images of different
samples are shown in Fig. 6. After a 168 h salt spray exposure, the
scribed reference samples showed the presence of a large number of
corrosion products (Fig. 6b). Localized corrosion such as pitting and
intergranular corrosion is observed as well [39]. By contrast, the spec-
imen with Li inhibitors presented negligible corrosion damage (Fig. 6c¢,
d) and the substrate of the scribe was shown to be covered with a multi-
layered structure [40,111]. Fig. 7 shows a representative structure of the
Li-based conversion layer from the artificial defect of a coating sample,
which includes a top columnar layer, a porous middle layer, and an
inner dense layer. A detailed discussion of this protective coating for-
mation at the coating defect will be presented later.

A quantitative analysis of the corrosion resistance regarding the film
generated within the scribed region after the salt spray test has been
performed through various electrochemical characterization techniques
[40,42,63,64,108,112]. EIS measurements are often performed to
characterize the corrosion protective properties of the formed
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Fig. 6. Optical images of coated AA2024-T3 samples with artificial scribes before and after 168 h neutral salt spray exposure (a) unexposed (b) without inhibitor, (c)
lithium carbonate loaded and (d) lithium oxalate loaded coating. Reprinted from [39] with permission from the Royal Society of Chemistry.
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Fig. 7. SEM cross-sectional views of protective layers generated from a lithium carbonate loaded coating after 168 h neutral salt spray exposure (a) scribed area, (b)
middle region of the scribe, (c) curved location of the bottom of the scribe, (d) detailed multi-layered morphology of the conversion layer. Reprinted from [39] with

permission from the Royal Society of Chemistry.

conversion layers [40,108]. It has been reported that the low-frequency
impedance modulus values of a Li;CO3 containing coating system are
about one order of magnitude higher as compared to that of a reference
Li-salt free system, and that the low-frequency impedance modulus of a
Li-oxalate-loaded sample is about two times higher than that of a
LiyCOs-containing sample [40,42,106]. Moreover, higher impedance
modulus values in the medium frequency range (1-100 Hz) indicate the
formation of a protective film as well. The increased and broadened
phase angle values of the lithium-loaded specimens after 168 h salt spray
exposure observed in the corresponding Bode plots suggest the forma-
tion of a thicker and more stable (oxide) layer in the defect area. Using
microcapillary cell techniques [113,114], potentiodynamic polarization
measurements can be performed at a small exposed surface in the scri-
bed area after a 168 h salt spray exposure. Compared to the unexposed
samples, the corrosion current for samples loaded with Li salts reduces

almost one order of magnitude and the corresponding pitting potential
drastically rises up to >1500 mV vs. AgCl, 3 M KCl [42]. It should be
noted however that the results present a scattered distribution due to the
heterogeneous nature of the coating layer and substrate, as a result of
different local chemical conditions during its formation. A duration of 2
h of exposure to a salt spray test has been documented to be a note-
worthy improvement of the impedance modulus value in the low- and
mid-frequency range since the protective film, especially the inner dense
layer, starts to cover the exposed surface effectively [106]. Furthermore,
an investigation into the efficacy of a Li;COs-loaded coating has
revealed an inhibition efficiency of approximately 80 % within 2 h of
exposure, which subsequently increases to an impressive 95 % after 48
h. Remarkably, this heightened level of inhibition remains relatively
stable, even after prolonged exposure times.

Up to now, most measurements and analysis on coating samples were
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focused on AA2024-T3. For other aluminium alloys, the evaluation of
the corrosion protection of Li salts leaching organic coating was per-
formed on AA7075, AA5083, and AA6014 so far [111]. Fig. 8 shows the
fitting results from EIS measurements for samples with artificial
scratches before and after the 168 h neutral salt spray test. Roxide and
Coxide indicate the resistance and capacitance values of the oxide layer,
respectively, which refers to the native oxide layer for the case without
inhibitors, and the inner dense layer for the samples loaded with in-
hibitors. Rpe and Cqi represent the polarization resistance and the
double layer capacitance at the metal/oxide interface, respectively. It is
obvious that the trend of increased resistances and decreased capaci-
tances is identical for AA2024, AA7075, and AA5083, which is

Surface & Coatings Technology 478 (2024) 130441

consistent with the presence of the Li-containing protective layer in the
defect area. AA2024 still presents the lowest corrosion resistance but the
highest inhibiting effect is realized in the presence of Li;COs. The
distinct behaviour of AA6014 is attributed to its intrinsic self-passivating
property. These tests indicate that the active protective behaviour of Li
leaching organic coatings is to a certain extent relatively independent on
the metallurgy nature and complexity of the aluminium alloys.

4. Li-based inhibitor action in coating defects

It is important to investigate the diffusion process from the coating
matrix to and within a coating defect area. A crucial parameter is the
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effective coverage distance of the released inhibitor against corrosion
inside a defect area, commonly referred to as chemical throwing power
[115,116]. This process entails a transport with stochastic nature,
accelerated by the concentration gradient of inhibitors, facilitating the
mobility of inhibitors from regions enriched with inhibitors to sites that
require protection [117]. Owing to the fast initial dissolution of lithium
salts, a critical local concentration is achieved at the edge region of the
scribe, which guarantees a considerable throwing distance, and hence a
considerable scribe coverage. It has been reported that even a relatively
low lithium salt load (e.g., 2.5 % pigment volume concentration (PVC))
can already effectively protect the exposed scribed area for up to a width
of 6 mm [66]. The released Li ions can relatively uniformly cover the
entire defective area with a width of 1 mm within 15 min. However, due
to variations in local conditions such as pH and local concentrations of
lithium ions, distinctly different morphologies and chemical composi-
tions are generated at different locations within the coating defect [40].

Compared to the conversion layer formation process in the conver-
sion bath, the growth stages of the Li-based protective layer are much
more complex due to the varying leaching kinetics of the Li salts from
the coating matrix [118]. In general, the local pH and the concentration
of Li ions gradually increase over time in the beginning. This trend
initially occurs adjacent to the cut edge and subsequently gradually
propagates towards the centre of the scribe. A detailed schematic
overview showing the formation of the Li-based protective layer inside
the artificial scratch over time can be seen in Fig. 9. This formation
process inside a defect can be divided into five stages [67]. Initially
(stage I), rapid leaching of Li salts enables a sharp increase in pH due to
the hydrolysis of carbonate anions. Although the local pH was reported
to be lower than that of the conversion bath [43], this is sufficient to
cause thinning of the air-formed aluminium oxide layer [119]. Simul-
taneously, the unprotected surface area is exposed to the aggressive
chloride-containing environment. At stage II, anodic dissolution of the
alloy surface is triggered and simultaneously an aluminium hydroxide
gel forms, which is thicker than that formed in the conversion bath due
to a milder alkaline condition [120]. This gel layer will gradually expand
from the edge to the central area and transform into pseudoboehmite.
Pseudoboehmite exposed to a Li-containing solution in turn transforms
to Li-pseudoboehmite due to the intercalation of Li ions [43]. At stage
111, Li-pseudoboehmite gradually develops towards the central area and
in the meantime the concentration of Li salts reaches a certain threshold
near the edge area, leading to the transformation of Li-pseudoboehmite
into a columnar Li/Al LDH structure, since LDH is more stable in a more
alkaline (pH > 10) environment [20,121,122]. With prolonged exposure
time in a salty electrolyte, a continuous rise in the concentration of Li
species within the central region of the scribe is reached. This elevated
concentration of Li ions facilitates the growth of LDH within the central
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area of the scribe (stage IV). Finally, at stage V, a columnar LDH layer
progressively expands laterally at the surface until a complete coverage
of the scribe by LDH is achieved. Furthermore, differently to the bilayer
structure as generated in the conversion bath, the Li-based protective
layer inside a scratch comprises of three distinct layers: an inner dense
layer, a middle porous layer and an outer columnar layer [26]. As
mentioned in Section 2, the middle porous layer is in fact a transition
zone that gradually evolves from Li-pseudoboehmite to Li/Al LDH. The
ratio between these three layers also varies locally: areas close to the cut
edge contain a higher ratio of columnar Li/LDH, whereas regions around
the central area are mostly composed of Li-pseudoboehmite [39]. At
last, pseudoboehmite is expected to be the dominant composition in the
central region when the diffusion distance is large enough, e.g., for a
scribe width of 6 mm.

5. Li-based inhibitor mobility in and leaching from coatings

Understanding how inorganic inhibitor particles are distributed
within a coating microstructure is helpful for understanding their
leaching behaviour and for optimizing the design of future coating
systems [123]. Previous studies on the leaching behaviour of
hexavalent-chromium-based inhibitors revealed that inhibitor particles
aggregate in clusters within the polymeric matrix and that the leaching
of corrosion occurs through the dissolution of interconnected soluble
particles and ion mobility within such media does not follow pure
Fickian diffusion. The voids resulting from dissolved chromate particles
can form transport paths within the coating in combination with the low
density areas, facilitating the release of inhibitors and the ingress of
electrolyte [123,124]. These pathways possess significance due to the
large size of the chromium ion, thereby precluding diffusion through the
epoxy but permitting transport exclusively through channels formed by
the dissolution of chromium-based particles [125].

The assessment of Li distributions in organic coatings poses chal-
lenges in electron beam spectroscopy owing to the low energy Li K-alpha
line position and lack of detector sensitivity [67]. As a result, other
techniques have been explored to determine the Li distribution within
primers. Alpha-Particle Induced Gamma-ray Emission (PIGE) mapping,
for example, was used to map the Li distribution within the poly-
urethane primer coating. This study showed that the observed Li-
containing particles were often connected by small channels in the
polyurethane matrix and around the individual particles [126].

The depletion of Li-containing particles from the coating matrix is a
complex process in which inorganic phases and mechanical stress are
reported to be involved [69,118]. First, the leaching of lithium salts from
an organic coating system without a topcoat under neutral salt spray test
exposure will be discussed. The release properties of Li ions from organic

Fig. 9. Schematic representation of the growth stages of the protective layer inside a scratch (1 mm in width) of an organic coating under exposure of a neutral salt
spray. The dark red and brown colours (Stages II to V) indicate Li-pseudoboehmite and Li/Al LDH, respectively. Reprinted from [67] with permission from Elsevier.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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coatings depend on the solubility of different Li salts, the loading of Li
salts in the primer matrix, and the microstructure of the matrix
[66,127]. Water uptake and leaching kinetics of inhibitors for inhibited
primers are one of the important subjects of previous studies [128-130].
Upon exposure to a liquid environment, water uptake occurs quickly
within the first few hours through the free volume of the polymer
[128,129,131-133]. It has been reported that the characteristic size of
the free volume of polyurethane is approximately 3.7 A, which is larger
than the diameter of a water molecule at 3.0 A [134]. In addition, the
process of ion uptake generally exhibits a deceleration, which particu-
larly counts for chloride, typically occurring at a rate approximately two
orders of magnitude lower as compared to the rate of water diffusion
[132]. Therefore, water uptake is the main factor which is influential for
the behaviour of the primer at an early-stage. Subsequently, some
absorbed water will reach the interface between the polymer matrix and
the particles underneath the top area of the primer, where hydrolysis
reactions will occur. The presence of water results in the dissolution of
Li»COg particles and slight dissolution of MgO particles. Later, the local
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electrolyte develops surrounding the Li,COg3 particles, generating a high
concentration and thus absorbing water from the nearby primer matrix
due to osmotic effects [132]. The origin of the induced internal stress is
attributed to the difference between hydrostatic and osmotic pressures,
which may lead to local rupture and delamination around the Li;CO3
particles. The creation of those channels results in a fractal network that
functions as a porous medium, leading to a deeper penetration towards
the metal/primer interface after longer exposure times [69]. Once these
channels are connected to the external surface, the electrolyte with
dissolved LioCO3 will be released or at least redistributed within the
network.

Parallel to the process of water uptake, the formation of a uniform
depletion zone of Li,CO3 occurs rapidly in the upper part of the primer,
which can be seen in Fig. 10 [69]. Energy dispersive X-ray spectroscopy
(EDS) was used to characterize the distribution of different types of
particles under various exposure times [69]. The elemental colour in-
dications are shown in the legend positioned at the bottom of each map
(LioCO3 particles in red colour). Only Li,COj3 particles directly

Mg [ i E
Map data 9 2

MAG: 3500x HV: 15kV_WD: 10 Smm

Mg i}

Map data 7
MAG: 3500x HV: 15kV_WD: 10.5mm

MAG: 3500x HV: 15kV._ WD: 9.8mm

Fig. 10. EDS maps of leaching from a Li,CO3 containing primer at different exposure times under neutral salt spray. (a) Oh, (b), 8h, (c) 48h, (d), 96h, (e) 168h and

(f) 500h. Reprinted from [69] with permission from Elsevier.
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connected to the external electrolyte dissolve after short exposure times
(<8 h). The dissolution of LioCO3 particles positioned deeper (occurring
after exposure time longer than 96 h) are related to the delamination/
dissolution of LipCO3 particles which will be discussed later. This fast
initial dissolution of Li;COj5 is also reflected in the high early-stage Li-ion
release rate detected by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) [69]. Following the initial fast release of Li, Mg
and, to a lesser extent, Ba are released as well. The initially high release
of Li rapidly drops to a low ongoing release, which may result from the
exhaustion of the leachable Li;COg3 particles that are connected to the
external surface [69]. Subsequently, localized depletion of Li,CO3 ex-
tends deeper into the coating underneath this zone, indicating the
involvement of the clusters of LioCO3 particles in the release process
[118]. This gradual dissolution does not necessarily propagate as a
distinct “front” through the cluster, where particles closer to the surface
must fully dissolve before particles further away from the surface can
dissolve. Instead, it occurs through the concurrent dissolution of parti-
cles at varying depths within the clusters, which is governed by the
transport of inhibitor within the cluster/void channels through the
electrolyte.

Exterior surfaces and some internal structural areas of aircraft are
coated with chemical resistant topcoats [17]. This will influence the
water uptake of the coating and the inhibitor leaching kinetics. External
mechanical forces may cause crevices, cracks or scratches in the coating,
causing the exposure of the Li-containing primer and the metallic sub-
strate to the external environment. Therefore, it is meaningful to discuss
the leaching behaviour into a defect from the cut edge of the Li-
containing primer underneath a topcoat. Unlike the leaching from the
as-primed surface, here only a small cross section of the primer is
exposed to the liquid environment, i.e., the scribe edge. However,
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hydration process, dissolution reactions of inorganic particles, and the
generation of networks are still involved in this case. A summarizing
mechanistic overview of samples after a salt spray test can be seen in
Fig. 11 [70]. Before exposure, the scribe damage influences the coating
microstructure 20 to 25 pm away from the scribe edge, leading to the
deformation of the primer and detachment around LiCOs (red colour)
and BaSO4 (yellow colour) particles. This detachment creates a loose
structure close to the cut edge and provides networks for relatively fast
early-stage ingress of electrolyte. After a sufficiently long exposure time
(500 h), the depletion of inorganic particles (mainly Li,CO3, MgO and
BaS0y,) at the area affected by deformation occurs, whereas the particles
further away from the cut edge show a partial dissolution which is
associated with the propagation of the channels within the primer. After
an exposure of 48 h, dissolution sites appear, surrounding Li;COs3 par-
ticles (red arrows in the middle figures) at a distance of over 2000 pm
away from the scribe, as well as a small number of detachment at the
primer/Li;COj3 interface (pink arrows in the middle figures). A limited
dissolution of BaSOy is also observed and marked by yellow arrows. No
cracks in the primer matrix are observed. After an exposure duration of
168 h, more dissolution and detachment sites around and in Li,COs3
particles, as well as the dissolution sites of BaSO4 particles, are observed.
However, the number of detachment sites increases, indicating that the
diffusion networks extend wider and deeper into the primer matrix. In
addition, cracks are present inside the primer, extending from the
dissolution or detachment sites. The partial dissolution and the
appearance of cracks are related to the uptake of water. Considering the
diffusion distance, water ingress through the topcoat is more dominant
for the area relatively far away from the scribe. The osmotic and
swelling pressures caused by the water uptake generates inner stresses,
which makes certain sites more susceptible to mechanical degradation.
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These results indicate that besides the inhibitor component, also other
particles with non-inhibiting functionalities are involved in the process
of inhibitor release. For this reason, tailoring the composition of the
organic coating system is of vital importance to optimize the leaching
behaviour of loaded inhibitors [135]. In the context of organic coatings
relying on the release of inhibitors by the leaching process, the opti-
mization of the transport of inhibitor ions constitutes a pivotal objective.
For example, the shape, size and distribution of the inhibitor clusters
play an important role in the leaching kinetics [136], and these pa-
rameters are strongly influenced by the PVC and other non-inhibitive
compounds. Relevant studies focussing on the optimization of the
coating microstructure design are still relatively limited for Li leaching
coatings.

6. Conclusions and outlook

Li-based inhibition technology has demonstrated its performance
potential for the replacement of conventional chromate inhibitors for
both conversion surface treatment as well as leachable inhibitors from
active protective coatings for aluminium alloys. In addition to their
significant corrosion protection performance, Li salts also have the ad-
vantages of being environmentally friendly and cost-effective, as well as
offering irreversible long-term corrosion protection.

Nonetheless, current studies indicate that Li-based conversion
treatments still require a longer process time to reach comparable
corrosion protection as compared to chromate-based conversion treat-
ments. This potentially hinders its industrial use. Feasible strategies
should be developed in order to modify the composition of the conver-
sion bath in order to shorten the conversion treatment while maintain-
ing or even improving its corrosion protection performance. Detailed
studies on the influence of alloying elements from different commercial
aluminium alloys, the extra additives, especially those components
which can improve the quality of the conversion layer such as oxidants
and aluminate salts, still remain to be performed.

For an organic coating system, the morphological layer evolution at a
coating defect is different to that on aluminium alloy panels exposed to
bulk electrolytes which are characterized by relatively stable pH values
and Li concentrations. In the bulk electrolyte case, firstly a Li/Al LDH is
formed which is more stable in a highly alkaline solution, followed by
the generation of a dense inner layer. The conversion coating approach
is more based on the precipitation of LDH in a super saturated solution.
By contrast, in the case of the organic coating system, the lower initial
pH and Li concentration initially triggers the anodic dissolution of the
exposed alloy surface, leading to the formation of a dense Li-
pseudoboehmite. With an increase in the concentration of Li salts and
pH, Li-pseudoboehmite is partially converted into Li/Al layered double
hydroxide (LDH). Current studies on the elucidation of the protective
layer formation mechanism for organic coating conditions are mainly
performed using LipCO3 and NaCl, and mostly limited to the case of
AA2024-T3. Therefore, the protective layer formation mechanism under
a more complex environment (e.g., the influence of other common dy-
namic atmospheric corrosion conditions) and other aluminium alloys
still need more investigation in the future. In addition, understanding
the stability of the protective layer and how this can be optimized is also
a relevant subject of further study.

The microstructure of the coating matrix plays a vital role in the
leaching behaviour of inhibitors. Particles inside the primer matrix
without inhibition abilities influence the formation of distinct inhibitor
delivery pathways. Therefore, a more profound understanding of the
inner transportation networks is necessary for an optimization of the
coating design to improve the active corrosion protection efficiency.
Moreover, the porous Li/Al LDH structure contributes little to the
corrosion protection. This effect can be utilized by chemical conversion
treatments since the chemistry of the conversion bath and post-
treatment can be controlled. On the contrary, for the case of the Li
salts leaching organic coating, it remains challenging to control the top
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LDH layer. This might be an interesting topic for future research where a
more profound understanding and control of leaching kinetics are
addressed.
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