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The direct ZnAl layered double hydroxide growth on AA2024 is a fast-occurring reaction, yet is characterized by an
inhomogeneous film thickness. It has been shown that at the periphery of Cu-rich intermetallic, the flakes tend to be larger and
denser. A combination of in situ and ex situ measurements were used to monitor the changes in the layered double hydroxide film
grown on the regions of intermetallics. Immediately after immersion, an activation of the intermetallic phases is observed due to the
dealloying process with an almost immediate film growth. Dealloying is followed by trenching of the adjacent Al matrix leading to
an excessive production of large and dense layered double hydroxide flakes at the periphery of the intermetallic. However, the
scanning electron microscopy cross-section images revealed that the trenching process leads to defects in the area surrounding the
intermetallic. This could weaken the corrosion resistance performance of the layered double hydroxide conversion coating and lead
to adhesion failure of consecutive polymer coatings. Nevertheless, this work highlights a few advantages and drawbacks of the
layered double hydroxide conversion coatings and pathways to its potential optimization and improvement.
© 2022 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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Aluminum alloys are extensively used in aerospace and auto-
mobile industry, owing to their countless properties which could be
easily engineered to meet the requirement of specific applications.1–3

Aluminum alloy 2024 (AA2024), with copper as the primary
alloying element is largely used for aircraft manufacturing industry
due to its lightweight, strength and high damage tolerance properties.
However, AA2024 has a relatively complex microstructure and
contains intermetallic (IMC) phases that makes it susceptible to
corrosion.4–7 Therefore, surface treatments and protective coatings
are necessary for its use in specific applications.8–11

Conversion coatings serve several purposes some of which are
the function of barrier protection, active corrosion protection but
also adhesion promotors for further coating and paint applications.
Chromate conversion coatings (CCC) used to be the standard most
efficient corrosion protective system for automotive and aircraft
industries before they were banned some years ago due to their
toxicity.12,13

Chromate conversion coatings are applied on Al alloys by a
process that allows the generation of polymer chains composed of
covalent Cr(VI)–O–Cr(III) bonds. The latter covalent bonds serve to
store the active Cr(VI) species and release them upon the appearance
of corrosion activity.14,15 However, in spite of their remarkable
corrosion protection capabilities, they still failed to provide a long-
term corrosion resistance for Al alloys with a high percentage of
copper (4 to 5%). In a study of McGovern et al.,16 it was shown that
during the CCC formation, Cu-rich IMCs such as AlCuMg and
Al2CuMg, may obstruct the reduction of Cr(VI) to Cr(III) that
permits the establishment of the mixed metal Cr(III)-Cr(VI) oxide
that is the backbone of the CCC corrosion protective properties; the
CCC film formation is slowed down around the Cu-rich IMCs. This
finding was confirmed in another study where a thinner CCC was
detected in the area of Cu-rich IMC in comparison to the rest of the
matrix; and it was associated with the absorption of ferricyanide, that
were used as accelerators, on these IMCs blocking the CCC growth

and a deficiency of Al3+ cations in the IMC which are an essential
part of the CCC formation mechanism.17

The influence of Cu-rich IMC on the mechanism of conversion
coatings formation was also reported on the recent alternatives to
CCC. For instance, a few investigations of the mechanism of
trivalent chromium process (TCP) growth on Cu-containing Al
alloys, showed that the precipitation is initiated around S-phases
induced by an increase of the local pH.18,19 However, a thicker TCP
layer is not always linked with better corrosion resistance. For Al
alloys with higher Cu-coverage, the TCP appeared to be thicker but
presented low corrosion resistance properties.20 P. Campestrini et
al.21 revealed that the mechanism of formation of cerium-based
conversion coatings (CeCC) takes place through the deposition of
cerium oxide particles that are subsequently connected to form a thin
conversion layer at the surface of AA2024.

Similar to the TCP formation, the nucleation of the cerate film is
driven by the presence of Cu-rich particles at the surface. Moreover, the
effect of the Cu particles is highly dependent on their distribution around
the surface and content in the Al alloy substrate.21 The influence of the
size and distribution of Cu IMCs on the formation of CeCC was further
highlighted by S. Sainis et al.22 Accordingly, at short immersion times a
preferential thick deposition of CeCC takes place only on the highly
active Cu-rich IMCs whereas a thin CeCC layer is observed on the rest of
the surface. In addition, the CeCC deposition on an isolated Cu rich IMC
appears to disperse in an equal manner along every direction whereas in a
network of IMCs (e.g., Cu-rich IMC connected to Si and Fe rich
particles), the deposition process is hindered and a lower extent of
deposition is observed.22 Zr/Ti conversion coatings also appear thicker
close to the Cu-rich IMC.23,24 The oxygen reduction reaction, taking
place at the IMCs, induces the fast hydrolysis of metal hexafluoride
precursors ( −ZrF6

2 and −TiF6
2 ) and the precipitation of the respective

oxides. In a different study involving a Zr/Zn conversion coating, L. Li
et al. managed to capture images of an enriched Zr precipitation over
dealloyed Cu-rich particles which indicated that the coating does form on
the IMCs.25

Layered double hydroxide (LDH) is an emerging functional
material that demonstrated attractive active corrosion protectionzE-mail: anissabouali05@gmail.com
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properties.26–32 LDH nanocontainers can be exploited through two
different pathways as pigments or as conversion coatings. In both
scenarios, corrosion inhibitors can be intercalated in the LDH
galleries and released upon specific triggers. LDH conversion
coatings can be produced directly on Al alloys through several
chemical/electrochemical processes, with the co-precipitation
method being the most common. Overall, the mechanism of the
LDH growth tends to be complex. A number of studies have
reported that the LDH film growth undergoes different stages, which
are mainly characterized by the dissolution of the native oxide layer,
formation of an intermediate Al hydroxide layer followed by the
appearance of the first LDH flakes and thickening overtime to
convert into a dense and thick LDH conversion layer.33–35

A.C. Bouali et al. confirmed the above findings, but a few
additional facts were uncovered.36 The intermediate layer is believed
to be a pseudo-boehmite like in nature rather than an Al hydroxide
gel-like layer. It was proposed that the increase of the local pH leads
to the partial dissolution of this pseudo-boehmite intermediate layer
that contributes to the formation of the LDH flakes at the surface.
More importantly, the kinetics of the LDH growth appear to be
governed by a 2D diffusion-controlled reaction with zero nucleation
rate.36 Furthermore, the possible Cu-redeposition on some area of
the Al matrix and its role on the overall mechanism of LDH growth
were discussed. Indeed, it has been reported that on areas where Cu-
rich IMCs were present, LDH tends to grow in form of islands with
larger flakes in comparison to the rest of the matrix.27,37,38 This
effect was attributed to the fast dissolution of the surrounding Al
matrix driven by the galvanic effect triggered by the more noble
element (Cu) compounds.

In the present work, a closer look to the reactions happening at
the area on the Cu-rich IMC during LDH growth was taken. The
AA2024 used was not subject to any surface pre-treatment in order
to reduce any additional statistical parameter that could also
influence the mechanism.

A combination of different methodologies was used to explain
what happens at the area of the IMC, the parameters that could play a
relevant role on the film formation at this zone and their con-
sequences in the stability of the overall formed LDH film.

Experimental

Materials.—Chemicals.—The synthesis of LDH growth was
achieved using the following reagents: zinc nitrate hexahydrate
(Zn(NO3)2·6H2O, >99%, CarlRoth, Germany), ammonium nitrate
(NH4NO3, >98.5%, Bernd Kraft, Germany), ammonia solution
(NH3·H2O, 25%, Merck KGaA, Germany) and deionized (DI) water.

Substrate.—The AA2024-T3 used in the current work were
purchased from Aircraft Materials (UK) and has the following
nominal composition in wt%: 90.7–94.7 Al, 3.8–4.9 Cu, 0.5 Fe, 0.1
Cr, 1.2–1.8 Mg, 0.3–0.9 Mn, 0.5 Si, 0.15 Ti, 0.25 Zn and 0.15 others.
The specimens were cut into squares of 10 mm × 10 mm. For
simplification, the designation of AA2024 will be used instead of
AA2024-T3, in the rest of the manuscript.

Methods.—LDH film growth.—The LDH conversion coatings
were produced by co-precipitation method following the same
procedure described in.27,37,39,40 Briefly, the AA2024 specimens
were immersed in a synthesis bath containing a mixture of 0.1 M
Zn(NO3)2 and 0.6 M NH4NO3. The pH of the bath was of 6.5,
obtained after adjusting with 1 wt% ammonia solution. The
synthesis process took place at 95 °C and the immersion time varied
from 1 to 30 min, depending of the investigation method.

Characterization.—Atomic force microscopy (AFM)/Scanning
Kelvin probe force microscopy (SKPFM) measurements.—The
AFM/SKPFM measurements were performed using the same
procedure reported in a previous work.36 Briefly, the AFM/
SKPFM investigation was carried out using a Digital Instruments

NanoScope III Microscope (former Veeco instruments) equipped
with an Extender™ Electronic Module. The interleave mode with
two pass scans was selected for the SKPFM measurements. The first
scan measured the surface topography, while the second scan
assessed the Volta potential difference (VPD) between the
AA2024 surface and the AFM tip using the nulling technique. All
VPD measurements were performed at a lift height of 100 nm with
applied AC voltage of 5 V RMS between the tip and the AA2024
sample to cause electrostatically induced oscillations. The output
VPD was inverted to align with the standard electrochemical scale
and the more negative values represented electrochemically active
sites, while the more positive potentials represented electrochemi-
cally more noble sites.

The AFM/SKPFM maps were acquired using n-doped silicon
probes (Budget Sensors) covered with Pt. The size of the maps was
40 × 40 μm (256 × 256 points). The topography maps were
flattened to improve the readability and the reported VPD values
were referenced vs the Pt probe. The potential of the probe was
checked vs a polished Ni surface and the deviation of potential was
in the range of 30 mV. Moreover, at least three different zones on
each sample were analyzed to attest for variation of potential.

Focus ion beam (FIB)/Scanning electron microscopie (SEM)
analysis.—The SEM top view and FIB cross-section examination of
the LDH films was performed using a Tescan Lyra 3 set-up
(TESCAN GmbH, Dortmund, Germany) equipped with an energy
dispersive X-ray spectrometer (EDX) Ultim 100 SDD detector
(Oxford Instruments, High Wycombe, UK). The data was assessed
using the Aztec software from Oxford Instruments.

The SEM analysis was conducted using the secondary electron
(SE) mode and an accelerating voltage of 2 kV was used when
working with LDH films. This is in order to avoid the issue with
charge accumulation. However, on non-LDH surface a voltage of
20 kV was used.

The FIB cross-sections of the LDH lamella were obtained using a
Ga driven Cobra FIB attached to the TESCAN set-up. A Pt layer was
deposited on the LDH films using a gas injector system (GIS).

Confocal Raman spectroscopy.—A LabRAM HR Evolution
confocal Raman spectrometer (Horiba Scientific, France) was used
to analyse the LDH treated AA2024. A green 532 nm wavelength
laser at 50% intensity (approx. 7.5 mW cm−2) was used to record the
Raman spectra and a built-in microscope with a 100×objective for
Laser spot positioning and taking the optical images.

The instrument was operated with the standard LabSpec 6.2
software, by Horiba Scientific, which also allowed for data treatment
like spike removal and background correction of each spectrum.

In situ atomic emission spectroelectrochemistry (AESEC).—
AESEC measurements were performed using an AMETEK ICP
spectrometer (AMETEK, USA) connected to a Gamry Interface
1010E potentiostat (Gamry, USA). A similar AESEC set-up
described in a previous study37 was used for the current investiga-
tion. Briefly, the set-up consists of an in situ cell that permits the
electrochemical evaluation of the testing material as well as a direct
analysis of the elements which are released to the electrolyte.

A Spectra/Por® 4 RC dialysis membrane (electrically but not ion
conductive) is separating the cell to prevent the loss of released ions
during the electrochemical measurements. Using a peristaltic pump,
the electrolyte with the dissolved species from the specimen is
continuously fed into the plasma, where the emission lines of the
main components are analyzed and compared with the electroche-
mical data, obtained with the Gamry potentiostat.

The measurements were performed at 95 °C in the electrolyte
precursor to LDH growth. The exposed area of the AA2024 sample
was 0.5 cm2 (d = 8 mm). The electrolyte volume was of approx. 0.5
cm3 (flowrate ∼ 2 ml min−1). During the LDH formation and
electrochemical measurements, the electrolyte was continuously
renewed with a flow rate ∼ of ca. 2 ml min−1).
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For all above investigations, the AA2024 test samples were
abraded with SiC abrasive papers till 2500 grit size. The only
exception was for the AFM/SKPFM measurements where they were
abraded then polished with diamond pastes down to 1 micron and
then finishing with 100 nm alumina DI water-based suspension.

Results

Ex situ AFM/SKPFM measurements.—Figure 1 presents the
topography and Volta potential maps of AA2024 surface before and
after different immersion times (i.e., 0, 1, 3, 6 and 15 min) in the
LDH synthesis bath. The maps before treatment essentially show
two big IMCs, marked by white arrows, that are barely visible on the
topography map, but having a brighter contrast in the Volta potential
map with more positive VPD vs the aluminium matrix (Fig. 1).
Various small dispersoids and constituents indicated with green
arrows, are visible only on the VPD map of the as polished
aluminium (Fig. 1a “0 min”). These compounds have more positive
corrosion potential than pure aluminium and show contrast on the
Volta potential maps.5

Upon just a short immersion in the electrolyte, there are visible
changes in topography which are caused by precipitation/growth of a
conversion film on the surface. Much more growth occurs at the
areas of large IMCs (Fig. 1 IMC 1). At the beginning of immersion,
more precipitates formed at the borders of S-phase particle, IMC 1
(Figs. 1e–1f “3 min”).

The topography profiles (Fig. 2a), which are indicated by the
lines in each map from Fig. 1, demonstrate two main elevations/
peaks emerging after immersion and increasing in height overtime.
They clearly correspond to the LDH flakes situated at the edges of
the IMC.

Interestingly, the VPD contrast becomes more negative compared
to the matrix at the places of IMC compared with the matrix after
immersion which leads to the assumption that the conversion
product layer or surface oxide film contributes to the measured
VPD. The dark area becomes much larger at longer immersion
times, in comparison to the initial dimensions of the IMCs (see VPD
map at 0 min immersion Fig. 1). It appears that the precipitates on
the IMCs have different properties (surface chemistry, composition
etc.) which affect the measurements as it can be seen on the VPD
map taken after 15 min immersion (Fig. 1) and on the topography
profiles (Fig. 2a).

Changes in passive film composition at the metal surface or
distribution of copper at the surface may effectively contribute to the
measured potential as it has been suggested in our previous
publication.36 Average VPD levels show rapid increase of VPD
immediately after 1 min of immersion in the synthesis solution with
the VPD level being stable up to 6 min of immersion reaching about
−0.45 V vs Pt tip (Fig. 2b).

A further immersion up to 15 min caused an increase of VPD to
approx. −0.36 V vs Pt tip. This increase may be accompanied with
some chemical changes in the conversion layer and passive film.
However, it is not clear how the changes in the passive film and
properties of the conversion layer contribute to the measured VPD.
Moreover, there is a significant difference in reactivity of IMC 2 in
comparison to IMC 1.

For the reference, the VPD potential of Cu was measured
(polished with diamond pastes and cleaned in 2-propanol) and is
about −0.30 +/− 0.03 V vs Pt tip. The VPD measured on the alloy
after 15 min of immersion, is just slightly lower than that of Cu
(Fig. 2b). However, the measured Volta potential seems to be
attributed to the properties of precipitates on the surface rather than
properties of the underlying IMCs as seen on the profiles across the
IMC “1” after 15 min (Fig. 2). Most of the changes reported in Fig. 2
concern the IMC marked “1” (Fig. 1 “0 min”), whereas a very
different behaviour, less pronounced, can be seen for IMC “2”.

In order to clarify the contribution of corrosion product to VPD,
an additional experiment was performed in the same immersion
setup but using pure DI water. The surface of the polished AA2024

shows the same features which were observed in Fig. 1. For instance,
large IMCs (highlighted by arrows since they are barely visible on
topography maps), various dispersoids and constituents that have
more positive VPD vs the aluminium matrix (Figs. 3a and 3b). Upon
immersion in DI water, the IMCs undergone partial dealloying and
the topography level of IMCs decreased compared with that of the
matrix (Fig. 3g). Indeed, after 6 min immersion in DI (Fig. 3g red
line) it can be seen that the topography level decreases (to about -500
nm vs. the matrix ) at the area of the intermetallic with a much-
pronounced decline at the border of the IMC (marked by two side
dents in the curve). At 15 min (Fig. 3g green profile), the decrease is
relatively homogeneous along the IMC.

Moreover, the average VPD value increased on the entire surface
(Fig. 3h). However, a larger increase occurred around the IMCs

Figure 1. Topography (left) and VPD (right) changes before and after
different immersion times in the LDH synthesis bath.
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(Figs. 3d, 3h “6 min”). Such VPD increase may be associated with
the well-known Cu redeposition process around
intermetallic.34,36,41,42 A lower VPD measured at the top of IMC
may be related to lack of copper after the dealloying of S-phase in
pure water during the first 6 min of immersion, but also to the
formation of corrosion products on S-phase that can affect the VPD
measurements. This decrease is also observed for small Cu-based
particles, as it can be noted with the small drop at approx. 5 μm (see
arrow in Fig. 3h). At longer immersion time, the VPD values at the
matrix and IMC continued to increase but the dealloying did not go
further (Figs. 3e, 3h “15 min”). There is a discrepancy in terms of the
VPD values of the AA2024 surfaces when the two experiments are
compared (Figs. 2b and 3h). First, corrosion precipitates apparently
slow down the dealloying of S-phases at the very beginning of
immersion in the LDH synthesis bath unlike for the DI water bath.

Moreover, the LDH layer contributes to the VPD so there can be
only semi quantitative comparison with the Volta potential level of
pure copper. Still, when the pure aluminium is exposed to the boiling
DI water the VPD values did not increase in spite of the precipitation
of boehmite phase on the surface.43 This essentially points out that
the copper redeposition process is important for the growth of LDH
on the AA2024 surface and the copper-containing IMCs are
necessary to increase the pH at the surface.

SEM/EDX analysis.—Figure 4 displays top-view SEM images
of the AA2024 surface samples with different immersion times, in
the LDH synthesis bath. Each image belongs to a different IMC area
from a different AA2024 sample that was removed at a specific
period of time (0.5, 1, 3, 6, 10 and 15 min).

After only 0.5 min, a thin layer of LDH can already be seen over
the surface. The LDH film is overall homogeneous, except for the
zones of IMCs where massive clusters of LDH flakes are formed.
With prolonged immersion times, the LDH film continues to densify
and the flakes around the IMC continue to increase in size . Looking
closely at the images after 0.5, 1, 3, 10 and 15 min, the LDH flakes
around the intermetallic seem to form preferentially at the edges of
the IMC. However, a fine layer of LDH flakes is also formed directly
above the IMC. In some cases, the larger LDH flakes develop an
interconnection and cover the entirety of the IMC area (Fig. 4
“6 min”).

The elemental composition of the underlying areas of these LDH
islands was analysed and disclosed in Fig. 5.

Figures 5a and 5b display the EDX maps (Al, Zn, Cu, N, O and
Mg) after 0.5 min and 15 min of LDH growth, respectively, whereas
Fig. 5c represents the superposition of the Al, Zn and Cu maps for
the sample after 0.5 min immersion. The additional EDX maps at 0,
1, 3, 6, 10 min are provided in the supporting information (Fig. S1
(available online at stacks.iop.org/JES/169/081501/mmedia)).

An unevenness of the elemental distribution over the surface can
be noticed in both Figs. 5a and 5b. Although the dark contrast is
depicted on the Al maps on the zones of the LDH islands, this does
not mean that Al is absent in the LDH flakes composition. This is
due to the fact that less X-ray are emitted from the Al in the flakes in
comparison to the rest of the AA2024 surface. Conversely, elements
such as Zn, O and N are more concentrated on these LDH islands
due to the difference in thickness in comparison with the thin LDH
layer formed on the rest of the AA2024 surface.38

Another important observation is the presence of Cu below the
LDH islands. As a matter of fact, when performing EDX maps on a
larger LDH coated surface area, Cu was uncovered at every of these
LDH flower like zones (Fig. S2). This clearly emphasizes the role of
Cu-rich IMCs in the mechanism driving the formation of these
voluminous LDH islands.

Mg was also detected on most of these zones (Figs. 5a, 5b, S1–2)
which suggests that the IMCs are S-phase (Al2CuMg) compounds.
Outside the IMCs, Mg was not observed. The larger LDH flakes
surrounding the IMC are mainly composed of Al, Zn, O and N.

The manner, in which the elements constituting the LDH flakes
(e.g., Zn, N and O) are distributed around the edges of the Cu
particles together with the size of the LDH flakes, implies that the
kinetics of the LDH formation on these specific regions is faster than
in the rest of the matrix. In order to verify this hypothesis, a closer
examination of the area below the LDH islands was performed by
means of cross-section images followed by EDX analysis. The
results are depicted in Figs. 6 and 7, with Fig. 6 representing the
sample after 0.5 min LDH synthesis and Fig. 7 after 15 min. The
dashed lines across the EDX elemental maps were added for clarity,
to indicate the lower part of the IMC and the LDH flakes at the
interface.

In Fig. 6, the EDX analysis captures the cross-section of two
IMC particles close to each other, after 0.5 min immersion. A similar
deduction can be made with the EDX cross-section maps in terms of
the irregularities in the elemental distribution. Elements such as Zn,
N, O are detected on the area of the LDH flakes whereas Cu and Mg
can be seen on the cross-section side of the maps as part of the
embedded IMC composition. The black halo observed with the Al
EDX map is due to an artifact caused by the geometry setup of local
cross-sections. The sample and the EDS were tilted in different
angles. With the used setup a darker area in the direction of the
rotation of the detector at light energies is observed if the sample
surface is topographically higher or has higher density. This could
potentially influence the interpretation of the results as it lowers the
visibility of concentration differences.

Enlarged cross-section images for the sample after 15 min LDH
synthesis are displayed in Fig. 7a. From the micrographs, it can be
seen that a dissolution of the alloy matrix during the LDH synthesis

Figure 2. Topography (a) and VPD (b) changes along the profiles shown in Fig. 2 (straight lines) of AA2024 surface before and after different immersion times
in the LDH synthesis bath.
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takes place on the edges of the S-phase particle. Indeed, a presence
of some sort of voids/crevasses on the corners of the IMC which
shows up in dark on the SEM micrograph are rather obvious. This is
basically a consequence of the Al anodic dissolution induced by the
micro-galvanic coupling with the nobler Cu-rich particle.5 The
accelerated dissolution of the Al matrix adjacent to the Cu IMC
promotes a faster rate of ZnAl LDH formation which leads to the
generation of larger LDH flakes on the areas of the voids and their
efficient coverage.

Next to the dissolution of the Al matrix, a thin film is formed
above the S-phase particle below the LDH conversion layer
(Fig. 7a). The EDX maps in Fig. 7b indicate that this film is mainly
rich in Cu and O which suggest that it could be a layer of Cu oxide.
However, despite the presence of a Cu oxide layer, a continuous and

defect-free LDH layer can be observed above the Cu-rich IMC. In
other words, there is undeniably still access to Al that would permit
the formation of the LDH building blocks.

For the purpose of clarification, the cross-section images shown
in this section were not repeated for the case of 15 min immersion
and repeated once for the 0.5 immersion time.

Confocal Raman spectroscopy.—In an attempt to obtain more
information on the LDH growth around the IMCs, ex situ Confocal
Raman spectroscopy was used to monitor the LDH growth at
different periods of immersion times (0, 1, 3, 6, 10, 15 min)
(Fig. 8). Images were taken before every measurement (Fig. 8a)
and Raman spectra were obtained by targeting two main points; (1)
on the matrix (just outside the IMC) and (2) on the IMC, as

Figure 3. Topography (a), (c), (e) and VPD (b), (d), (f) changes of AA2024 surface before and after different immersion times in 95 °C DI water; the
corresponding topography (g) and VPD (h) profiles as indicated with a line in the VPD and topography maps (a)–(f).
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represented in Fig. 8a “0 min.” The respective spectra are labelled in
Fig. 8 as b and c. The changes in the spectra are registered from t =
0 min to t = 15 min (see arrow on the right side of Fig. 8c).

Starting with the Raman data obtained on an area of the matrix,
no Raman bands associated with LDH were registered at 0 min and
1 min (Fig. 8b). After 3 min of LDH growth, 4 different Raman
bands can be noticed in the region between 400 and 1200 cm−1. The
band around 495 cm−1 was previously ascribed to an OH group
strongly coordinated to Zn, whereas the band at 562 cm−1 is
associated to an Al–OH translation.44 The Raman bands at
714 cm−1 and 1050 cm−1 emerging after 6 min and 3 min, respec-
tively, can be assigned to the asymmetric bending and symmetric
stretching vibrations of −NO .3

45,46 The assignment of the −NO3
vibration is not straightforward, some studies consider the
1050 cm−1 to be associated to free −NO3 non-bonded to the
hydroxide layers.44,47,48 However, in another study, the −NO3
vibration was paired with a Raman band close to 690 cm−1.45 In
the current circumstance, a Raman band at 714 cm−1 was detected
and can be linked to an −NO3 vibration in hydrotalcite.45,46,49

Therefore, according to these results and the literature, it is reason-
able to assign the Raman bands to an −NO3 vibration in the LDH
galleries.

The region between 1300 cm−1
–1700 cm−1 seems to be marked

by an overlapping of several bands (Fig. 8b). From the spectra at 3, 6
and 10 min, three peaks can be identified; ∼1330, ∼1380 and 1600
cm−1. It was not possible to explicitly assign these bands from the
literature. However, the literature often associates these bands to the
G and D bands of carbon. They are possibly an artifact from the
burning caused by the beam.49 For comparison, a Raman measure-
ment was performed on an LDH slurry and some of the Raman
bands found on LDH conversion film on AA2024 could be identified
as well on the LDH slurry. The spectrum is illustrated in Fig. S3 of
the supplementary information.

The Raman spectra from the IMC (Fig. 8c) shows a similar
pattern of Raman bands as the matrix, with a few exceptions. For
instance, the Raman band at approximately 300 cm−1 is present from
0 min and its signal intensifies till 10 min and disappeared at 15 min.
In line with the Raman data obtained in the literature on copper-
based substrates, this band can be ascribed to one of the CuO
vibration modes.50–54 The increase of the intensity and the sharpness
of the peak was justified by a possible decrease in the grain size of
the CuO particles.52 The absence of the Raman band associated to
CuO at 15 min can be explained by the strong coverage of the area

with LDH flakes. This is reflected at the cross-section images taken
after 0.5 and 15 min LDH synthesis (Figs. 6 and 7). The intermetallic
phase as well as the supposed formed Cu oxide layer are no longer
accessible for detection. A similar behaviour was reported in a study,
where an in situ XRD monitoring of LDH growth on an AA2024
substrate was done.36

Between approx. 400 and 700 cm−1, a broad band is observed
after 1− and 3 min immersion. Here, a superposition of several
bands associated to the presence of various species is probable. Their
assignment cannot be resolved, since during the first minutes of
immersion there might be a simultaneous presence of several Cu
complexes55 as well as the species taking part in the LDH formation.
After 6 min immersion, the Raman bands appear more defined and
splitted. For instance, at 6 min, the bands at 495 cm−1 and 562 cm−1

previously observed on the matrix, can be distinguished and have the
same assignments. A small peak at approx. 615 cm−1 could also be
noted. According to some studies performed on Cu oxide com-
pounds, this band corresponds to an additional CuO Raman active
mode.53–56

The Raman band at 714 cm−1 is absent, instead a peak at
724 cm−1 is seen after 6 min LDH synthesis (Fig. 8c). The later
Raman band was also linked to the −NO3 asymmetric bending.48 In a
study from J.T. Kloprogge et al., it was stated that changes in the
interactions between the nitrates and the interlayer water or the
hydroxide layers may lead to a slight shift of the wavenumbers of the
nitrate modes which could explain the shift from 714 cm−1 to
724 cm−1.47 A similar explanation can be provided for the shift from
1050 cm−1 to 1054 cm−1 for the spectra taken after 6 min and
10 min. In a similar context, one study looking into the Raman
vibrational spectra of Cu nitrate complexes, identified a prominent
nitrate band centred at approx. 722 cm−1 which was associated to the

( )+Cu NO3 complex.54 The latter assignment is credible, considering
the environment close to the IMC.

However, the spectra at 15 min shows two Raman bands at
1050 cm−1 and 1068 cm−1. An enlarged window at those positions,
is provided in the supplementary information (Fig. S4). The first
Raman band belongs to the −NO3 vibration mode, while the second
most probably to a symmetric stretching mode of −CO .3

2 The
increase of the local pH at the IMC favours the presence of −CO3

2

anions which could get effectively intercalated between the LDH
layers. All of the bands identified above were summarized with the
respective assignments in Table SI.

Figure 4. SEM micrographs of IMC areas exposed to different immersion times in an LDH synthesis bath.
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Aside from enabling the comparison between LDH formed on the
matrix and on the IMCs, confocal Raman spectroscopy was also
used to identify changes on the grain boundaries. In Fig. 9, spot
measurements were taken in three area: within the grain (Mx-1),
IMC and on the grain boundaries (Mx-2). From the images and the
spectra (Fig. 9), it is demonstrated that no LDH film is formed on the
grain boundaries even after 15 min synthesis.

In situ AESEC measurements.—In order to learn more about the
dissolved species during the LDH growth, in situ AESEC

measurements were performed. This technique allows to simulta-
neously assess information on the dissolution rate of selected elements
from the AA2024 substrate in a solution containing LDH synthesis
precursors while recording any electrochemical changes taking place
at the interface.37,57 The results of the AESEC dissolution profiles of
Al, Cu, Fe and Mg together with the recorded OCP values are plotted
in Fig. 10.

An evident observation from Fig. 10 is that the dissolution of Cu
was quite spontaneous and was observed at the first minutes of
immersion. Indeed, between 0 to 500 s, a gradual increase on the

Figure 5. EDX maps of AA2024 surface after 0.5 min (a), 15 min (b) immersion in the LDH synthesis bath and overlapping of the Al, Zn and Cu maps from
0.5 min (c).
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dissolution rate profile of Cu is noted, followed by a slow decrease
after reaching a peak at approx. 160 s.

After this first increase in the Cu release at the first minutes of
immersion, the process is followed by the appearance of distinctive
spikes not only in the dissolution profiles of Cu but also Fe and Mg.
One could assume that particles of IMC are being detached (such as
Al2CuMg and Al7Cu2Fe) which are then passed into the nebulizer,
cyclonic chamber and consequently in plasma. As a matter of
illustration, at approx. 390 s (Fig. 10) a strong jump is observed on
the Fe and Cu and may correspond to a release from particles rich in
Fe and Cu such Al7Cu2Fe. In addition to the latter particles, a spike
on the Mg profile is also observed, implying the detachment of
particles rich in Cu and Mg (e.g. Al2CuMg) as well. However, a part
from the latter mentioned spikes on the Mg dissolution rate, the Mg
pattern is not subject to relevant changes overtime. Moreover, some
on the Mg spikes are oriented into the negative side of the scale
rather the positive, which could be misleading.

Conversely, the Al profile does not show the presence of Al at the
first 500 s of immersion which increases importantly afterwards. At
the first seconds of immersion the Al native oxide layer remains stable
but gradually undergoes anodic dissolution with an increase of the
local pH. Nevertheless, whatever Al is dissolved would be directly

consumed on the LDH growth and would not directly be freed into the
bulk electrolyte and therefore not fed into the nebulizer.

After some time, the Al consumption is much less substantial
either due to the restricted accessibility to the other reactants (Zinc
cations) or/and the point of saturation has been reached. This
explains the delayed detection of the Al species during AESEC
measurements. It should be pointed out that some of the strong
spikes after 500 s could also be associated to detachment of LDH
flakes from the surface.

Nevertheless, the estimated percentage of the elements men-
tioned on the latter examples cannot be calculated as there is no
guarantee that the elements were completely evaporated into the
plasma. The ICP method allows only to detect elements that made it
through the diffusion layer and reached the bulk electrolyte. If
dissolved elements such as Cu got promptly redeposited on the
surface, they cannot be measured by ICP. This could also explain the
increase of the Al dissolution rate after some time, since the
redeposition of Cu creates localized cathodes that would enhance
the anodic dissolution of the Al matrix.

A factor that should be emphasized with the described AESEC
measurement is that continuously recirculation/renewing the solu-
tion might lead to changes in the concentration of the precursors and

Figure 6. EDX maps of the FIB cross-section IMC areas after 0.5 min immersion on the LDH bath.

Figure 7. SEM micrograph of the IMC area after 15 min immersion at higher magnification (a) and the corresponding EDX maps (b).
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accumulation of Cu rich particle that could increase the cathodic
zone. However, not recirculation will lead to inhomogeneous
dispersion of the precursors, generation of unwanted products and
the perturbation of the synthesis reaction. This is also why in normal
synthesis condition, stirring is always required.

Since the data of interest is mainly collected at the first seconds/
minutes of immersion, the impact of recirculating on the interpreta-
tion of the results is minimal.

Discussion

The LDH formation on AA2024 is a fast-occurring process, but it
is characterized by an inhomogeneous growth along the substrates
interface due to the presence of Cu-rich IMCs. The influence of these
Cu-based intermetallic was briefly addressed in our previous work,36

and a clear link has been made between the mechanism of IMC
corrosion in AA2024,4–6,58–61 and the LDH formation reaction.

The AFM/SKPFM results showed a change around the borders of
the Cu-rich IMCs within the first minute of immersion which is
accompanied with a switch of the IMC VPD to a more negative
(anodically active) value in comparison to the matrix. This switch in
the OCP has been usually reported for S-phase as the beginning of
the anodic dealloying process,5 but a recent study observed a similar
behaviour on most IMCs, where they all were anodically activated
during the first seconds of immersion in NaCl solution.62 However, the
corresponding AESEC dissolution profiles show an instant dissolution
of Cu, directly after immersion (Fig. 10—first 200 s). At such early

stages, non-faradaic release of Cu particles is possible but dissolution
in form of Cu2+ seems thermodynamically unlikely.60,63 It has been
reported60,61 that the S-phase particle dealloying process is more
significant and tends to occur in a much shorter time after exposure, in
comparison to that of θ-phase particles. It was also suggested that in
the case of the S-phase, Cu can be released at a much earlier stage of
exposure through the dissolution of detached Cu-clusters from the
IMC. Other Cu-based particles present in AA2024 (e.g. Al7Cu2Fe,
AlCuFeMn) as well as the Cu from the solid solution may also
contribute to the release of Cu particles overtime. Some of these
particles can be seen on the VPD maps in Fig. 1 (“0 min”).

The SEM top-view and SEM/EDX cross-section images
(Figs. 4–7) captured at approx. 0.5 and 1 min already show
developed LDH flakes specifically at the periphery of the IMCs
(Fig. 4). According to the EDX analysis, the IMC seems to match the
composition of a S-phase (Al2CuMg) particle. The dealloying of the
S-phase particle involves the preferential dissolution of the less
noble elements, Al and Mg, leaving behind a Cu-rich remnant. The
latter will act as a cathodic site by inducing oxygen reduction
reactions (ORR), increasing the local pH which will in turn cause the
disruption of the surrounding Al native oxide layer and the
dissolution of the adjacent Al matrix. The latter processes lead to
an accumulation of ( )−Al OH 4 species in the region which is
immediately consumed and used to produce the LDH flakes
(Eq. 1) observed in Fig. 4. As demonstrated from the following
experiments as well as results presented in a previous work,36 this
process seems to take place very fast and the nucleation of the first

Figure 8. Images of the ex situ Confocal Raman spectroscopy monitoring of the LDH growth (a), with the respective spectra taken on the matrix (outside the
IMC) (b) and on a spot in an IMC (c) at different periods of time (0, 1, 3, 6, 10,15 min).
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LDH flakes in quasi-instantaneous at the region of the IMCs. This
explains the very low Al signal in the first 500 s of the AESEC
dissolution profile.

( ) + ( ) + + → − [ ]− + + −Al OH Zn OH Zn NO H O LDH NO 14
2

3 2 3

The reaction described in Eq. 1 is a simplified overview of a series of
reactions that may first involve the deposition of an amorphous
Al(OH)3 that will transform to Al(OH)4

-. With regards to the source
of Zn, a recent study has shown that ZnO could be formed first at
then gradually dissolved to liberate Zn2+/Zn(OH)+ that would
recombine with ( )−Al OH 4 to form LDH.64 The detection of ZnO
was also suspected in a previous study focusing on the LDH growth

outside the IMC regions.36 Therefore, both oxide and hydroxide
forms can be considered as relevant for the LDH growth.

In the case of Mg, the dissolution profile (Fig. 10) shows some
small spikes which overlap with spikes of the Cu and Al dissolution
profiles, alluding to a possible release following a dealloying process
of IMCs composed of these elements. However, one would expect a
much more significant release. Some studies suggested that alkaline
environments are unfavourable to Mg dissolution and therefore its
release may take longer.5,65 Another hypothesis is that the released
Mg2+ is able to slip into the LDH hydroxide layer assembly as a
substitute to Zn2+. This is conceivable, although most reported
MgAl LDH conversion films were produced in quite different
conditions, usually involving high temperatures (i.e., autoclave
conditions), longer immersion times and high pH (9–12).66–68 This
latter supposition, cannot be confirmed with EDX as we may be
dealing with the inclusion of a few Mg atoms in an LDH hydroxide
layer mainly composed of Al and Zn. Despite the fact that MgAl and
ZnAl LDH have a different d-basal spacing and lattice parameter
“a”, it is uncertain whether conventional XRD methods will be able
to track the variation, considering the amount of Mg released from
the substrate and the Zn precursors in the solution.

Looking into the cross-section of an S-phase particle at an
advanced stage of LDH growth, the effect of trenching can clearly be
seen on the adjacent Al matrix, as well as a dense LDH coverage just
above the dissolved Al matrix (voids). Moreover, a porous layer of
Cu oxide is formed on the interface below the LDH flakes. As it has
been concluded earlier in the discussion and from Fig. 6 (0.5 min
immersion) and Fig. 7, that LDH flakes growth around and above the
IMC interface takes place quite fast creating a protective layer that
prevents significant dealloying of the IMC particle. Therefore, the
formed Cu-oxide porous layer is a result of Cu-particles liberated
during the dealloying process. They remain at the interface below
the LDH film, as the LDH layer prevents their redistribution. A
comparable effect, has been previously observed at the early stages
of the corrosion of a θ-phase particle60 as well as clearly

Figure 9. Raman point measurements of three regions around a Cu-rich IMC. Mx refers to matrix and IMC to a spot on the intermetallic.

Figure 10. AESEC dissolution profiles (left y-axis) of Fe, Cu, Mg and Al
plotted together with the OCP evolution (right x-axis) during the LDH
growth over time.
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demonstrated in a study about the formation mechanism of LiAl
LDH on AA2024.69 However, the Cu-oxide layer still allows the
diffusion of ( )−Al OH 4 and the formation of the LDH flakes.

Although, the above-described mechanism was observed on an S-
phase particle which is considered a more reactive IMC due to the
presence of Mg, a similar LDH growth may be observed on other
types of Cu based IMCs. The initiation stage may vary due to the
compositional differences of the IMCs in AA2024, yet the local
nano-galvanic effect will lead to the fast anodic dissolution of the
adjacent matrix contributing to the same enhanced LDH growth.62

This study was aimed into understanding the mechanism of ZnAl
LDH growth around the IMC, nevertheless the following adverse
effects to the mechanism were also picked and need to be addressed: (i)
the voids (Fig. 7) left on the sides of the IMC as a result of trenching.
Indeed, the LDH film formed above the IMC may minimise the effect
of dealloying, but it seems that it is not able to compensate the gaps left
from the trenching. In other words, the process of LDH growth leads to
the creation of pits that can potentially compromise the corrosion
resistance and durability of the AA2024 substrate. Aggressive ions such
as chlorides may find their way into these gaps and enhance pitting
corrosion of the substrate. (ii) Weak adhesion to consecutive polymer
coating. Some areas may have undergone even further trenching which
implies that the IMC is unstable and not strongly connected to the
substrate. Hence, they can be easily detached. Moreover, the LDH
islands on these IMCs may provide some barrier protection to the voids,
but weaken the adhesion of the polymer coating due to the significant
inhomogeneous LDH thickness. (iii) Another important drawback of the
LDH islands on the IMC, is that they are prone to osmotic blistering.
This can happen if there is a difference of solute concentration, inducing
an osmotic pressure and movement of water from a low concentration
region (bulk solution) to a high concentration region (area of the LDH
islands). Hence, local domes would be formed on the polymer
coatings.70 The formed blister can eventually lead to local ruptures if
the maximum elongation capacity of the polymer is exceeded, or, the
blister continues to progress to the sides and delamination takes place.
The effect of blistering has been discussed in investigations performed
on LDH pigments incorporated into organic coatings.40,66,71,72

In addition to the above issues, the composition of the LDH
synthesis bath can considerably influence the quality of the LDH
conversion coating. Usually, the studies on the mechanism of
corrosion of the IMCs in AA2024 are achieved in solution
containing chloride salts. Chlorides are known to impair the Al
native oxide layer and enhance the corrosion rate of the IMC and
other Cu-based constituents composing the AA2024.5–7,73,74 The
corrosion acceleration factor provided by chlorides is absent in the
current work, but instead nitrate and ammonium-based salts were
used as precursors for the LDH synthesis. Ammonium-based salts
were shown to exceptionally promote the dissolution of Cu.75–78

Hypothetically, if ammonium ions come in contact with Cu from the
IMC or detached Cu particles during dealloying, they can be driven
to dissolution in the LDH bath and therefore may explain the strong
dissolution rate shown in the AESEC profile. On the other hand, in
the presence of nitrate ions, they are found to promote the
passivation of Al alloys even in a chloride containing
environment.79 Nonetheless, nitrate ions not only act distinctly
according to their concentration in the solution, but exercise a
different effect on the Al matrix and the Cu-rich intermetallic. For
instance, C. Blanc et al.80 reported that when nitrates ( )−NO3 come in
contact with Cu-rich IMC in AA2024, they are reduced to nitrite
( )−NO2 which in turn are reduced to form NH3 (Eqs. 2–4).

80–82 The
latter reacts with Cu ions to form soluble complexes, hence
promoting the dissolution of the IMCs. The authors noted that the
Al–Cu–Mg particles were the most impacted by the pitting due to
nitrates, but the same phenomenon could happen on Al–Cu–Mn-Fe
particles.80 The increase of the local pH due to the successive
reduction reaction (Eqs. 2–4) also favoured a strong dissolution of
the adjacent Al matrix. However, the authors also noted that nitrates
favour the growth of the Al oxide layer that is more protective on the

Al matrix than on the IMC.

+ + ⇌ [ ]− −O 2H O 4e 4OH 22 2

+ + ⇌ + [ ]− − − −NO H O 2e NO 2OH 33 2 2

+ + ⇌ + + [ ]− − −NO 7H O 6e NH 2H O 7OH 42 2 3 2

The reduction of −NO3 to NH3 was also the subject of the review from
J. C. Fanning.83 The author summarized a few conditions and factors
that would favour this reduction process. It was stated that the
reduction of −NO3 usually requires high temperature and pressure
conditions in order to happen. However, they mentioned a few cases
where Al in form of powder as an active metal to induce such
reduction reactions at pH ⩾ 10.5 and 50 °C–60 °C. These different
studies around the mechanism of −NO3 to NH3 still mean that it is a
good hint to pursue but require a separate investigation.

A.C. Balaskas et al.84 deduced in a comparative study of the
corrosion inhibition of different nitrate-based salts on AA2024, that
a high concentration of nitrate (15 mM) promotes Cu redeposition at
cathodic sites, increasing the overall corrosion rate. Conversely,
when comparing the inhibition effect of Ce salts (i.e. Ce(NO3)3,
CeCl3 and Ce(Ac)3) on AA2024 and AA7075, P. Rodič et al.85

noticed a passivation effect from nitrates, but Ce(NO3)3 still
provided the weakest performance. If these assumptions are correct,
this means that, on one hand we have a strong degradation of the Cu-
based IMCs and significant dissolution of the Al matrix at the
periphery of the IMC, and on the other hand, a stabilized passive
film on the rest of the Al matrix. This could explain the strong
inhomogeneous LDH layer observed in the current study.

In view of the current findings, to improve the formation of LDH
conversion coatings on AA2024, is to envisage ways to minimise the
dealloying process of the IMC while inducing a controlled destabi-
lization of the native oxide layer to allow enough release of

( )−Al OH .4 Nitrate-based precursors have been systematically used
for the LDH synthesis due to their very low affinity to LDH which
allows possible intercalation of corrosion inhibitors but also the
trapping of −Cl when used on their own.66,86,87 These two factors are
essential for the corrosion protection functionality of the LDH
conversion coatings. Interlayer ions such as hydroxide ( −OH ) and
carbonates ( −CO3

2 ) make it very challenging to exploit the extrinsic
self-healing functionality of the LDH coatings.66 Therefore, it is
important to investigate the effect of nitrate and ammonium ions on
the degradation of the Cu-based IMC and ways to counteract it. For
instance, instead of nitrate precursors, sodium salts precursors can be
used. Additionally, it is possible to introduce a corrosion inhibitor
directly during the synthesis (one pot procedure), as reported already
in some works.39,71,88–92 This could be reproduced for LDH
conversion coatings as a way of minimising Cu-dealloying during
the process of LDH production. Another way would be to explore
other cation precursors for the hydroxide layers instead of Zn2+.
LiAl based LDH seem to produce a homogeneous layer on AA2024,
as reported in early studies by Buchheit and colleagues93–95 and
more recently by P. Visser et al.33,96 and A. Kosari et al.69

As a summary to the discussion above and taking into considera-
tion what was learned from this study, a scheme of the main LDH
growth stages on a Cu-rich IMC is illustrated in Fig. 11. The main
processes can be summarised in 3 stages as following:

1) Initiation: This stage is characterized by the dissolution of the
native oxide layer, the activation of the Cu-rich IMC and the
beginning of the dealloying process. The role of ions such as
ammonium in the dissolution of the Cu from the IMC will
mainly manifest at the early stages of immersion.

2) Propagation: Further dealloying of the IMC and simultaneous
growth of the LDH flakes above and on the surrounding of the
IMC, with much developed LDH flakes on the border of the
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IMC. The latter is further triggered by the trenching process.
Moreover, the growth of the LDH flakes does not immediately
prevent the liberation of Cu clusters from the IMC as well as
from the solid phase.

3) Thickening: At this point the effect of dealloying is strongly
reduced due to the formation of a dense LDH layer above the
Cu-rich intermetallic. A Cu-rich oxide layer is also formed
above the IMC below the LDH conversion coating. Moreover,
the borders of the IMC are covered with large and dense LDH
islands, that hang above the lateral voids resulting from the
trenching process.

Conclusions

This paper was devoted to the understanding of the influence of
Cu-rich IMCs in the LDH conversion coating formation. A
combination of various surface characterization methodologies was
used to monitor the changes occurring at the area of the IMC.
According to the AESEC and AFM/SKPFM results, the first minutes
of immersion in the LDH synthesis bath are mainly characterized by
an important dealloying and redeposition process. However, the
simultaneous formation of the LDH flakes contributes to the slowing
down of the dealloying process by the covering of the IMC. The
SEM top view and cross section images indicate the establishment of
an LDH film on top of the IMC after only 30 s of immersion.

The dealloying followed by the trenching of the IMCs leads to an
excessive release of ( )−Al OH 4 which in turn leads to the formation of a
denser LDH film in this region. However, the SEM cross-section images
have shown that the dissolution of the Al matrix also leads to the
creation of voids/cavities at the border of the IMCs. The LDH flakes do
not form inside these cavities, hence they remain as empty defects that
may weaken the protection properties of the LDH conversion coatings.

Another important factor that could be highlighted in the current
study, is the role of the synthesis bath chemistry. Indeed, the source

and composition of the starting precursors could have a significant
influence on the homogeneity of the LDH growth. Nitrates and/or
ammonium salts may enhance the corrosion of the IMCs while
preserving the passivity of the rest of the Al matrix, which leads to
an unbalance LDH growth mechanism and inhomogeneous coating
formation. However, the methodologies used in the current work
could not provide enough information on the mode of actions of
these ions. These hypotheses need to be verified separately in future
works.

Nevertheless, one of many advantages of LDH conversion
coatings, is that they can be prepared through several pathways
and be subjected to various pre- and post-treatment to optimize their
performance. Therefore, it is possible to improve the quality of the
LDH conversion coating by tuning the synthesis process.
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