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Abstract 

The growth of ZnAl layered double hydroxide (LDH) on the AA2024 surface was monitored 

using synchrotron high-resolution X-ray diffraction. Kinetic data were extracted and analysed 

using the Avrami Erofe’ev kinetic model. Accordingly, the LDH film growth is governed by a 

2D diffusion-controlled reaction with a zero-nucleation rate. Additional methods including ex-

situ AFM/SKPFM supported by in-situ OCP measurements together with SEM and TEM/EDX 

analysis, provided further insight into the different stages of the mechanism of LDH growth. 

Prior to the conversion coating formation, an intermediate layer is formed as a basis for the 

establishment of the LDH flakes. Moreover, a Cu-rich layer was revealed, which could 

contribute to the acceleration of LDH growth.  The formed LDH layer does not show any cracks 
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at the interface, but presents minor irregularities in the structure which could favour adhesion 

to subsequent organic coatings. The findings presented in this work provides an important 

insight to the corrosion performance of the LDH conversion coatings and the pathway to adopt 

for further optimization. 

Keywords: layered double hydroxide, conversion coating, mechanism, growth. 

 

Introduction 

For the past decades, chromate-based conversion coatings (CCC) were an industrial benchmark 

in terms of corrosion protection for many metallic structures, especially for Al alloys 1-9. The 

recent ban, due to their detrimental impact on the environment and human health compelled 

industrials and researchers to seek new alternatives 2, 9-12. However, the outstanding corrosion 

resistance, stability and durability of CCCs in a broad area of application, renders the 

development of alternatives very challenging. 

A number of prospective substitutes to CCC have been recently proposed and studied 11, 13-18. 

A particular focus was accorded to their mechanism of formation 18-23 since it is key in 

predicting their corrosion protection efficiency 18-23. For instance, former CCC stores Cr (VI) 

inhibiting anions in the form of a mixed Cr (III)/Cr (VI) oxide layer and upon exposure to a 

corrosive media, the Cr (VI) are released and act as inhibitors to the corrosion process 5, 24, 25. 

Cerium- based conversion coating formation on Al alloys relies on a precipitation mechanism 

mainly driven by the local increase of pH over the cathodic sites (e.g., Cu-rich intermetallic 

(IMC) on AA2024), leading to the formation of a mixed Ce(III)/Ce(IV) oxide layer over the 

metallic surface 26-28. Zirconate/titanate-based conversion coatings are another example of 

coatings, where nucleation and film growth start from the IMCs succeeded by deposition of 

hydrated metal oxides (ZrO2/TiO2) on the Al metal alloy surface. This hydrated oxide 

(ZrO2/TiO2) offers a passive corrosion barrier protection 18, 29-31.  

Recently, LDH has caught the attention of the corrosion research community and is considered 

as one of the next generations of active corrosion protection systems 9, 32-33. LDH is part of a 

novel class of the anionic delivery system that has the capacity to store and release anionic 

corrosion inhibitors upon different triggers (e.g., pH, chlorides, etc.).  

Several studies reported the successful use of LDH in the form of pigments 34-37 or conversion 

coatings 7, 38-41 for the corrosion protection of Al alloys. Regarding LDH conversion coatings, 

Buchheit et al. 42 were first to demonstrate the concept by immersing an Al alloy plate into an 

alkaline solution containing Li salts. The authors referred to the resulting coating as a talc film 
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based on hydrotalcite-like structure. The formation of the talc film begins by destabilization 

and dissolution of the native Al oxide layer resulting in the appearance of a series of Al 

aquohydroxo complexes. The additional presence of the reactants Li+ and CO3
2-, favoured by 

the pH > 10.5, leads to talc precipitation from the solution 40, 42.   

Some years later, Tedim et al. 39 suggested a novel LDH nanostructured container layer grown 

directly on AA2024 substrate relying on Zn2+ and Al3+ as the main cations for the hydroxide 

layer and nitrate (NO3
-) as the interlayer anion. This enables further active corrosion protection 

functionality by an anion-exchange reaction with the corrosion inhibitor vanadate (V2O7
2-).  

LDH films have shown to possess a number of compelling properties for the corrosion 

protection of Al alloys but, there is still a lack of understanding of the LDH film growth 

mechanism. Recently, Y. Wang et al. 43 investigated (in-situ) the ZnAl LDH film growth by 

means of an electrochemical quartz crystal microbalance (EQCM). The study reaffirmed some 

of the previous speculations 42, 44-45 with respect to the mechanism of LDH growth on Al alloys. 

However, an important question: what happens at the early stage of the conversion process, - 

remains unresolved. Despite the authors comprehensive interpretation of the different stages 

involved in the LDH growth, the presented timeline (after 10 min) is not practical since at this 

point a complete LDH film has already been established on the surface.  

In the current study, the in-situ synchrotron high-resolution X-ray diffraction (XRD) has been 

used to investigate the LDH growth mechanism on the AA2024-T3 substrate from different 

perspectives. An ex-situ atomic force microscopy combined with scanning Kelvin probe force 

microscopy (AFM/SKPFM) analysis together with the in-situ open circuit potential (OCP) 

measurements, provides important insight on the reactions taking place at the interface. The 

morphology and structure of the obtained LDH films were closely examined with a scanning 

and transmission electron microscopy (SEM and TEM, respectively).  

  

Experimental 
1. Materials 

1.1. Chemicals 

For the LDH preparation, the following reagents were used: 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. 
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1.2.Substrate 

The AA2024-T3 used in the current work 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 balance.  

The size of the specimen was 10x10 mm2. In addition to the AA2024-T3 (hereafter AA2024), 

a 99.99 % purity Al substrate was used to carry out a part of the investigation.  

2. Methods 

2.1.LDH film growth 

The general synthesis procedure is similar to previously reported works 39, 46, 47. The synthesis 

relies on a hydrothermal process in a bath containing a mixture of 0.1 M Zn (NO3)2 and 0.6 M 

NH4NO3, with a pH adjusted to 6.5 using 1 wt. % ammonia. The temperature was maintained 

at 95 °C and the immersion time varied according to the investigating method (from 1 to 30 

min) 

3. Characterization 

3.1.Synchrotron high-resolution X-ray diffraction (XRD) 

The in-situ investigation of LDH film growth on the AA2024 substrate was performed using a 

customized testing cell (see supporting information Figure S1a) comprising the following 

items: 

- a thermo-couple and resistive heating allowing to measure and control the solution 
temperature; 

- an input and output tubing allowing the solution to enter and exit the cell; 

- a Kapton window placed directly in front of the substrate permits the penetration of X-

rays. 

The solution flow (in and out of the cell) was monitored using a pump neMESYS (CETONI 

GmbH, Korbussen, Germany) (Figure S1b). 

The described set-up (Figure S1c) was installed on the P08 high-resolution diffraction 

instrument at the synchrotron radiation source beamline facility at PETRA III (DESY, 

Hamburg, Germany) 48. A two-dimensional PERKIN Elmer detector with a pixel size of 200 

µm2 was used. The X-ray energy of 25 KeV 48, 49 and wavelength of λ = 0.04952 nm, were used 

in this study. The incident angle value was Θ=0.12°. Diffraction patterns were recorded every 

0.54 seconds, immediately after flowing the synthesis solution into the cell in a range of 2θ 

angles from 2° to 19.6° with respect to synchrotron wavelength. 
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The radial integration of 2D XRD patterns was performed using GSAS II package. In order to 

refine the crystal structure and the identification of the atom positions the obtained data were 

analysed using the FullProf software. 

 

3.2.Atomic force microscopy (AFM) 

Atomic Force Microscopy (AFM) and Scanning Kelvin probe force microscopy (SKPFM) 

analyses were performed using Digital Instruments NanoScope III Microscope equipped with 

Extender™ Electronic Module. The SKPFM was operated in the interleaved mode with two 

pass scans. The first scan acquired surface topography. During the second scan, the Volta 

potential difference (VPD) between the alloy surface and the AFM tip was measured using the 

nulling technique. The lift-off distance was set to 100 nm and a 5 V RMS AC voltage was 

induced between the tip and the sample 50-53.  

All measurements were done using n-doped silicon probes covered with Pt-Cr layers acquired 

from Budged sensors. AFM/SKPFM maps with a size of 40 × 40 µm (256 × 256 points) were 

acquired. Normally, at least two different areas on each sample were analysed in order to reach 

confident reproducibility. The reported VPD values were obtained as an average from different 

SKPFM maps with the assistance of the freeware program Gwyddion v2.47. Room conditions 

during the measurements had a relative humidity (RH) of about 50-55 % and temperature of 22 

± 2 °C. A polished pure Ni surface was used as a reference standard material and the reported 

VPD values were referenced to Ni. A reference measurement was taken before and after each 

map. 

 

3.3.Open Circuit Potential (OCP) 

OCP measurements were carried out using an Interface 1000E potentiostat/galvanostat/ZRA 

(Gamry, USA) monitored with a Gamry framework system. A silver/silver chloride (Ag/AgCl) 

electrode was employed as a reference electrode. Two OCP measurements were carried out:  

1) AA2024 substrate immersed in a solution with the suitable conditions and precursors 

for LDH growth.  

2) AA2024 immersed in DI water.  

In both cases, the temperature was maintained at 95 °C and the solution was continuously 

stirred.  The recording of the OCP data started as soon as the AA2024 sample was immersed 

into the solution. 
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3.4.Scanning electron microscopy (SEM) 

SEM micrographs representing the top view of the samples surface during LDH formation were 

taken using a Tescan Lyra 3 set-up (TESCAN GmbH, Dortmund, Germany). The data was 

analysed with the Aztec software supplied by the Oxford Instruments. 

For analysis of the cross-section of the LDH coatings, a thin lamella was extracted using a 

focused ion beam (FIB) of Ga+ ions in Zeiss Auriga Compact Cross Beam SEM (Zeiss, 

Germany). The surface of the LDH layer was preserved by Pt covering before the FIB 

sectioning. The lamella was mounted on the Cu grid. Prior to TEM analysis, secondary 

electrons (SE) images of the cross-section view of the LDH coatings were obtained by SEM. 

 

3.5.Transmission electron microscopy (TEM) 

The microstructure and chemical distribution of the cross-section of LDH coatings were 

investigated using TEM (JEOL JEM-2200FS, JEOL Ltd., Japan) operating at 200 kV equipped 

with the EDX system. 

 

Results  
1. Analysis of the crystal structure and kinetics  

The XRD patterns recorded during LDH formation were collected and plotted as a function of 

time in Figure 1.  Figure 1a represents the evolution of the patterns over a timescale of 100s 

with a 2θ range of 2-12°, whereas Figure 1b shows the same patterns with a reduced timescale 

of 30 s and a 2θ range of 2-7°. 

As illustrated in Figure 1b, the emergence of the first crystal phases associated with LDH 

appears approximately at 21.6 s after the start of the conversion reaction. This was identified 

by the appearance of the (003) reflection at 3.182(5) °. The (006) reflection at 6.361(6) ° appears 

much later. The intensity of the basal reflections is dependent on the metal cations (Al, Zn) 

scattering in the host layers and the guest anion (NO3
-) do not possess a high scattering power. 

This implicates a decrease of the (006)/ (003) reflection ratio as l increases, which explains the 

late manifestation of the (006) reflection 33. 

In addition to the LDH phases, two relevant secondary phases corresponding to the Al2CuMg 

and Al7Cu2Fe IMCs were identified. From Figure 1, one can notice that the intensity of the 

XRD peaks associated with a few IMCs decreases over time. For instance, the intensity of the 

(002) reflection ascribed to the Al7Cu2Fe IMC (indicated with an arrow in Figure 1) 

continuously decreases with time. There are two possible hypotheses to explain this 
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observation; the first explanation is a possible partial dissolution of the IMC phases, which 

affects the signal from the IMCs due to a loss of the scattering centres from the corresponding 

crystalline phase. The second hypothesis is that the LDH layer progressively covers the surface 

of the AA2024, including the IMC sites, hence less signal can be acquired from this area of the 

interface. A noticeable amorphous halo can also be observed in the patterns, which may be 

attributed to the signal from water. 

 
Figure 1. Time series of XRD patterns for the LDH-NO3 growth on AA2024 during the entire 

measurement period of 100 s a) and enlarged view of the first 30 s with a reduced 2θ range and 

rescaled intensity b). (003) and (006) peaks are marked by * and #, respectively. The green parenthesis 

indicates the amorphous halo. 

 

The crystal structure of LDH was refined, using as a basis, the rhombohedral space group R-

3m (see supporting information Figure S2). A table listing the observed reflections associated 

with LDH and the AA2024 substrate is represented in Table S1 (supporting information). 

The ZnAl LDH-NO3 unit cell parameters and atomic coordinates are given in Table 1. From 

the table, one can conclude that the NO3
- atomic position is of type 36i and the angle between 
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the hydroxide layer and the NO3
-
 plane is about 70° as previously deduced in other studies 49, 

54. 

Using the information presented in Table 1, the asymmetric unit cell corresponding to the ZnAl 

LDH-NO3 was built using the VESTA software (Figure 2a and b). The whole unit cell is 

constructed using the symmetry operations of R-3m space group. Figure 2a shows a 

rhombohedral unit cell with the distribution of the individual atoms from the different groups 

involved in the LDH structure. 

 
Table 1. ZnAl LDH-NO3 unit cell parameters and atomic coordinates 

Unit cell parameters 

a 3.076(2) Å 

c 26.688(3) Å 

Rp 5.34 

χ2 2.44 

Atomic coordinates 

Atom Position x y z 

Zn/Al 3a 0 0 0 

Oh 6с 0 0 0. 370(2) 

N 36i 0.49(6) 0.86(3) 0.160(7) 

O1 36i 0.30(3) 0.90(2) 0.152(2) 

O2 36i 0.63(5) 0.81(3) 0.140(2) 

O3 36i 0.49(3) 0.961(2) 0.210(2) 

Ow 18h 0.12(1) -0.12(1) 0.886(1) 

 

The atoms O1, O2 and O3, which are part of the NO3
- anions are not shared with the other groups. 

The Ow is one oxygen atom from the water molecules situated in the LDH galleries. Removing 

the NO3
- anion from the model of the unit cell (Figure 2b) allows better visualization of the 

other atoms, e.g., the position of the other oxygen atoms. 

The Al and Zn atoms are indicated in Figure 2b by the small grey spheres. It was assumed that 

the cations are randomly distributed in position 3a and the designation "Zn/Al" shows that in 

these particular positions, it is unknown which cation predominates. The rhombohedral 

structure, shown in Figure 2a and b, is regarded as the hexagon structure unit (Figure 2c). This 



9 
 

latter is attached to a chain of hexagons that constitutes the actual LDH framework. The atom 

Oh together with the shared Zn/Al form part of the hydroxide layers composing the building 

blocks of LDH.   

 
Figure 2. Asymmetric unit cell of LDH-NO3 built using coordinates from Rietveld refinement 

representing the positioning of all main atoms with NO3
- a) and the whole cell without the NO3 b) - 

allowing a better focus on the other compositions, and a representation of the rhombohedral unit cell 

implemented on a hexagone c). Reprinted in part with permission from (33) Evans, D.G.; Slade, 

R.C.T. In Layered Double Hydroxides. Structure and Bonding;  Duan, X., Evans, D.G., Eds.; 

Springer: Berlin, Heidelberg, 2006, Vol. 119,  pp 1-87. Copyright 2006 Springer. 

 

2. Ex-situ AFM/SKPFM measurement  

The AFM/SKPFM measurements will provide insight into the changes happening at the 

interface, from both a surface topography perspective, but also the Volta potential changes 

overtime. The tests were performed in an ex-situ manner with respect to immersion time (from 

60 to 900 seconds). 

Figure 3a presents the selected topography and VPD maps of the AA2024 surface before and 

after different immersion times in the LDH synthesis bath. The topography map before 

immersion (at 0 s) shows a polished metallic surface that does not unambiguously pinpoint the 

location of the IMCs on the surface (Figure 3a “0 s”). On the opposite, the VPD map (Figure 

3a “0 s”) shows scattered IMCs, dispersoids and small constituents which normally display a 

brighter contrast, more positive potential vs. the Al matrix, on the Volta potential maps 55, 56. 
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After immersion for 60 s (Figure 3a “60 s”), the first visible changes appeared on the 

topography map, which are caused by the growth of an LDH conversion layer on the surface. 

The IMCs and scratches observed before immersion were no longer visible, and the map 

displays a noticeable contrast with the matrix which shows a type of round shaped zones 

(Figure 3a “60 s”).  

 

Figure 3. Images of the topography (top) and VPD maps (bottom) of the AA2024 surface a) and the 

values of VPD changes b) before and after different immersion times in the LDH synthesis bath. 

These latter zones could be associated with the AA2024 grains. It appears that at the early stage 

of immersion, the LDH covers preferentially the grains interior but not the grain boundaries. 

This preferential nucleation on grains was reported previously for CCC formation on Al alloys 
57, 58. However, there is overtime bridging of the conversion coating across the grain boundaries, 

allowing full coverage of the entire sample surface 57.  
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The LDH conversion layer grows with time, and the height profile of the topography increases 

from 60 to 600 s of immersion (Figure 3a). However, VPD maps show much less contrast with 

increasing immersion time (Figure 3a). 

Apart from the lack of contrast on the VPD maps, the average VPD levels measured on the 

surface increases, as it can be seen from the diagram in Figure 3b. This becomes obvious even 

after 60 s immersion in the LDH synthesis bath, where an increase to more positive VPD values 

(-0.2 V vs. Ni) in comparison to that in the initial state (about -0.84 V vs. Ni) was observed 

(Figure 3b). There was an increase of VPD values until about -0.05 V and -0.08 V vs. Ni after 

immersion up to 600 and 900 s, respectively. It is known that changes in the composition of the 

passive film 59, the presence of anodic oxide films on Al surface 60 and the distribution of Cu 

on the surface of AA2024 61 may contribute to the measured Volta potential. For instance, the 

VPD potential of polished pure Cu is about 0 V vs. Ni. The VPD measured on the alloy after 

600-900 s of immersion is just slightly lower than that of pure Cu (Figure 3b). Such values of 

VPD are most likely attributed to the distribution of Cu at the interface bordering the Al matrix, 

though the properties of the conversion layer can also contribute to VPD values.  

To better understand the contribution of different factors to the measured VPD values, an 

additional comparative experiment was designed, by immersion both AA2024 and pure Al 

(99.99 %) samples in DI water at 95°C instead of the LDH synthesis bath. The results are 

presented in the supporting information (Figure S3 and Figure S4) 

The AA2024 surface before immersion (Figure S3 “0 s”) displays the same features as (Figure 

3a “0 s”). After immersion in DI water, the dispersoids and inclusions undergo partial 

dealloying/dissolution forming small pits that are visible on the topography maps (Figure S3 

“360 s”). Volta potential maps reveal that the small inclusions with higher VPD values (brighter 

colour) in comparison to the matrix before immersion, become darker after immersion (Figure 

S3). A plausible explanation for that may be the dissolution of the inclusions and the 

redeposition of more noble elements (e.g., Cu). Cu oxide has also been reported to exist on the 

surface of Cu-containing alloys before and after corrosion in neutral electrolytes 62, 63. 

The measured VPD values are a bit different than the ones obtained in Figure 3b, but they 

follow a similar trend (Figure S3). After 360 and 900 s of immersion, the average VPD level 

increased to approx. -0.44 and -0.60 V, respectively, which are more positive compared to the 

initial level (approx. -0.87 V vs. Ni) (Figure S4). It probably takes more time to complete the 

dealloying and redeposition of Cu on the surface.  
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When a pure Al was immersed in DI water at 95 °C, VPD decreased to more negative values ( 

-1.38 V vs. Ni) compared to the initial state (“0 s”, -1.22 V vs. Ni) (Figure S3). The VPD values 

for pure Al after immersion are roughly the same as those presented in the earlier work ca. -

1.33 V 60. While a pure Al oxide/hydroxide film does not provide a significant contribution to 

VPD values, the Cu redeposition process is most likely responsible for the changes of VPD on 

the AA2024 surface. Cu-dealloying has been previously reported in DI water 64, which may be 

the mechanism behind the Cu-redeposition. In order to support this hypothesis, an additional 

set of electrochemical and microstructural experimental results are presented in the next 

sections. 

3. Open circuit potential measurements and associated SEM images 

To support the results obtained by AFM/SKPFM, OCP measurements were performed on the 

AA2024 samples immersed in DI water (95°C) or subjected to LDH growth (Hydrothermal) 

bath. The results are shown in Figure 4.  

 
Figure 4. OCP measurements of the AA2024 subjected to the LDH synthesis bath (curve in 

green) and DI water (curve in blue) for 4000 s a) and b) enlarged view of the area of the 

curves between 0 and 500 s. 

From the OCP results, three main stages of the LDH formation (Figure 4a “green curve”) can 

be distinguished. At the first stage (approx. 0-12 s), an immediate decrease of the OCP from -

530 mV(Ag/AgCl) to -710 mV(Ag/AgCl) is observed with the first contact of the AA2024 substrate 

with the Zn(NO3)2 solution (Figure 4b). This decrease of the potential can be associated with 

the depassivation and dissolution of the native Al2O3 oxide layer 43. According to the in-situ 

XRD measurements (Figure 1), no LDH formation occurs at this stage (< 12s). This means that 

the native oxide layer dissolution reaction takes place first, followed by the first LDH flakes 
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nucleation. The second stage (approx. 12-260 s) is characterized by an increase of the OCP till 

it reaches the first plateau at around -540 mV(Ag/AgCl).  

The increase of the potential happens around the time where the first LDH flakes formation was 

observed. Indeed, the first LDH reflection emerged at around 21.6 seconds (Figure 1). 

Finally, at the third stage (> 260 s), a continuous increase of the OCP is observed until it reaches 

certain stability. This region of the OCP portrays an ongoing LDH film growth and 

crystallization. The results demonstrated by the current OCP measurement are in agreement 

with the SKPFM measurements (Figure 3) as well as with the literature 43, 45. While the OCP 

increases with the increase of the LDH growth, the OCP of the AA2024 sample in DI water 

increases till a peak at approx. -382 mV (~ 3300 seconds) but then start to decrease.  

It is worth mentioning that the measurements include a slight margin of error (1-2 s) from the 

start of the OCP recording. However, the experiment was repeated at least three times to ensure 

reproducibility. 

 

Further ex-situ observations were done by taking SEM images on the AA2024 surface in order 

to monitor the changes through the different stages of the LDH nucleation and film growth. 

Figure 5a shows the AA2024 surface before immersion. After 30 s of immersion (Figure 5b), 

a uniform flake-like LDH film can already be seen at the interface of the AA2024 substrate. 

This is in agreement with the detection of the first XRD peaks associated with LDH at 21.6 s 

(Figure 1).  

Figure 5b, c and d display the evolution of the LDH layer after immersion for 30 s, 60 s, and 

180 s, respectively, belonging to the second stage of the LDH film formation. At this stage, the 

ongoing formation of the LDH flakes seems to progressively fill the voids (the areas that were 

free of LDH) left at the AA2024 surface. After 360 s, which supposedly marks the 3rd stage of 

the LDH growth, a continuous evolution of the LDH growth takes place (Figure 5e, f and g). 

The LDH film looks more compact and denser than it was at the 2nd stage of formation. This 

change has been noticed with the SKPFM measurements, where a further increase of the 

potential was detected. The SEM images (Figure 5a-f) clearly justify the obtained OCP results 

(Figure 5h) and support the assumption that there are different stages to the LDH formation 

mechanism. 
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Figure 5. SEM images of the AA2024 sample before immersion a) and after immersion for 30 s b), 60 

s c), 180 s d), 360 s e), 600 s f), 900 s g) in the LDH synthesis bath, and their positioning in the OCP 

curve representing the LDH growth over time h). 

 

4. Cross-section view of LDH conversion layer grown on the AA2024 substrate: TEM 
analysis 

Since the top-view SEM images do not allow a closer and direct look into the LDH flakes at 

the AA2024 interface, lamella representing a cross-section of the AA2024 substrate coated with 

ZnAl LDH conversion layer was prepared and analysed using TEM (Figure 6). It is important 

to mention that the AA2024 substrate has been immersed for 30 min in the synthesis bath to 

make sure that the LDH conversion layer reaches the right maturity and thickness to obtain 

good TEM images. 
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Figure 6b-d depict a configuration of organized flakes that are overall rather perpendicular to 

the AA2024 interface, except for the few regions where an accumulation of different oriented 

LDH flakes can be observed.  

 

 
Figure 6. Cross-section images of ZnAl LDH conversion layer grown on AA2024 sample observed by 

SEM a) and TEM (STEM mode) b), c) and d). 

 

These perpendicular flakes are not built too close to each other, and a certain void can be 

observed between the flakes (circled in red Figure 6c and d). However, there are no cracks or 

disbonding at the interface between the substrate and the LDH layer. 
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An intermediate layer along the AA2024 interface below the LDH flakes is observed, Figure 

6c and d. This additional layer (~50 nm in thickness) is most probably formed at the initiation 

step before the growth of the first LDH flakes.  

The cross-section region (on the right side of Figure 6c) was subjected to an EDX analysis. 

From the EDX maps (Figure 7), the intermediate layer seems to be mainly composed of Al, 

Zn, O and N, which are also the main elements of the LDH flakes.  

 
Figure 7.  EDX maps for the cross-section of the LDH conversion layer. 

 

A few Mn-rich IMC phases are observed in the AA2024 substrate (Figure 7). From the Cu 

map, a strong Cu signal seems to be emitted from the Pt protective layer. This is an artificial 

effect since during EDX analysis the electron beam interacts with Pt (a heavy element), leading 

to the emission of a high number of secondary electrons. These electrons scatter on the Cu grid 

and are subsequently registered as Cu on the detector, while the electron beam is still focused 

on the protective Pt layer.     

Nevertheless, the redeposition of a thin Cu layer directly at the interface of the Al substrate 

(below the intermediate layer) can be assumed from TEM image (dark film marked by the white 

arrow in Figure 6c). This could be the result of a selective dissolution of Al from the Al-Cu 

solid solution in the α-matrix grains involving the Cu-redeposition stage, during the LDH 

nucleation phase.  

Besides the maps, further EDX analysis to discern the changes in the elemental distribution 

along the interface, intermediate layer, and LDH flakes has been performed (Figure 8). Both 

the profile analysis (Figure 8a) and the spot analysis (Figure 8b and c) show that the 

intermediate layer and LDH flacks are rich in Al, Zn, O, and N.  
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Figure 8. TEM/EDX analysis represented by profile analysis across the LDH conversion layer on the 

AA2024 substrate (a) and selected areas at different places on the sample (b) and (c). The elemental 

distribution is expressed in wt. %. 

 

From the spot analysis, the main tendencies of element’s distribution from the characteristic 

regions (marked from 1 to 5 and corresponding to substrate, intermediate layer etc.) are similar 

for two different places of the cross-section of the LDH coating, view 1 and 2 in Figure 8b and 
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Figure 8c, respectively. The schematic view of elements concentration gradient from 

intermediate layer toward the top of the LDH layer is depicted between Figure 8b and c. 

For instance, the increase in Zn and decrease in O and Al is observed from bottom to top of 

LDH layer (region 4  region 5). At the same time, the intermediate layer is characterized by 

a higher amount of O comparing to LDH flake region and substrate, which indicates on 

oxide/hydroxide nature of the intermediate layer. Moreover, the penetration of Zn from LDH 

layer to the intermediate layer is obvious from profile analysis. Thus, the formation of ZnO 

products can be expected 65, 66. 

The LDH layer (region 4-5) presented in view 2 has a significantly lower amount of N compared 

to the one in LDH layer in view 1. However, in both cases (views) higher concentration of N is 

observed in the intermediate layer (region 3) than that in the LDH layer.  

An inhomogeneity of N distribution is also observed along the intermediate layer (region 3  

region 2). When less amount of N penetrates to intermediate layer (region 2), a higher amount 

of Al and O is observed in the oxide layer resulting in a denser (white) structure. 

Discussion 

1. Kinetics of LDH growth 

The kinetics data from the in-situ synchrotron XRD measurements were analysed by the 

Avrami-Erofe’ev (AE) kinetic model 67-71. It has been previously applied to investigate the 

kinetics of LDH anion-exchange reaction 49, 72. The AE equation can be expressed as following: 

𝛼𝛼(𝑡𝑡) = 1 − exp{− [𝑘𝑘(𝑡𝑡 − 𝑡𝑡0)]𝑚𝑚}          (1) 

where t0 [s] represents the induction time of the reaction and k [1/s] is linked to the reaction 

rate. The extent of the reaction α(t) = Ihkl(t)/Ihkl(max), where Ihkl(t) is the integral intensity of 

(hkl) peak and Ihkl(max) is the maximum intensity of this peak. To obtain a good fit between the 

equation and the experimental data, the α value should be in the range between 0.15 and 0.85. 

The other important parameter of the equation is the value of m – index of reaction, which 

allows disclosing the steps involving the formation of the nucleus and its growth. The time 

dependence of the integral intensities of (003) peaks was used for kinetics analysis of LDH-

NO3 growth. 

The first step of the analysis is a preliminary estimation of the reaction index m by the Sharp-

Hancock plotting, which can be derived from the AE equation as following 73. 
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ln(− ln(1 − 𝛼𝛼)) = 𝑚𝑚 ∙ 𝑙𝑙𝑙𝑙𝑘𝑘 + 𝑚𝑚 ∙ ln (𝑡𝑡 − 𝑡𝑡0)          (2) 

It is based on the assumption according to 74, that the AE approach could not be used for an 

entirely diffusion-controlled reaction, for which m ~ 0.5. 

From the Sharp-Hancock plot, the m value was found to be approximately 0.90(6) (Figure 9a), 

and this value permits the use of the AE model. Moreover, the least square fitting of a kinetic 

curve (α vs. t(s)) using the equation (1) gives an m-value of 0.92(6) (Figure 9b) with a 

convergence of R2 = 0.98. 

According to the literature 71, the m-value from the AE equation (m ~ 0.92) points either to a 

one-dimensional diffusion-controlled reaction with a deceleratory nucleation rate or to a two-

dimensional reaction with zero nucleation rate. 

 
Figure 9. Sharp-Hancock plot for the Zn-LDH-NO3 growth a) and the obtained fitting using the 

Avrami-Erofe’ev equation b). 

 

For layered materials such as LDH, it can be assumed that the growth takes place in two 

dimensions, equivalent to the movement of the guest anions between the xy-planes of the 

hydroxide layers. Assuming that in a given ideal lattice there are a number of nucleation sites 

presumably identical and resulting in the same probability of nucleation, two nucleation 

reactions are possible. First, as the reaction proceeds the number of nucleation sites decreases 

(deceleratory nucleation). Deceleratory nucleation involves a slow transportation rate, which 

could involve the formation of intermediate reaction products. However, the analysis of the 

patterns obtained at every 0.54 s has not indicated any traces of intermediates formation. 

The second possibility is that all the mentioned nucleation sites are saturated instantly as soon 

as the reaction starts. This is referred as a zero-nucleation rate. This is the more accepted 

hypothesis. 
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After the nucleation step, the growth continues following a diffusion controlled-reaction. At 

this point the growth is not influenced anymore by the nucleation rate but is controlled by the 

diffusion of the reactant, over the concentration gradient in the solution, to the crystallization 

sites 70, 71, 75, 76.  

In addition to the above kinetic calculations, the evolution of the LDH flake size “L” was 

determined using the Scherrer's equation (3) 72, 77, 78.  

𝐿𝐿 = 𝐾𝐾𝐾𝐾/𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽          (3) 

where K is the Scherrer’s parameter (~ 0.9), λ is the wavelength, β is the Full Width at Half 

Maximum (FWHM) and θ is the Bragg angle. For the analysis, the FWHM of the (003) 

reflections were considered. The time dependences of FWHM and flake sizes are presented in 

Figure S5. For instance, the maximum value of FWHM at the beginning of the reaction at (21.6 

s) is β=0.18(2) °, which translated to a flake size of L=14.0(1.6) nm. During the LDH formation 

process, this value became smaller, hence the average flake size increases. Therefore, at the end 

of the observed period (~193 s), FWHM reaches the minimum of β= 0.0620(4) ° with a flake 

size of L= 40.7 (0.3) nm. This shows that the thickening of the LDH layer is associated with an 

increase in the LDH flake size. It is expected that as long as enough reactants are present, the 

LDH flake size will continuously increase, leading to the formation of a dense and thick LDH 

layer. This corroborates the TEM images in Figure 6 and previously reported studies where 

SEM cross-section images of LDH layers grown on a metal substrate were taken 79, 80.  

2. Intermediate layer and stages of LDH growth 

According to the AFM/SKPFM and OCP results, prior to the appearance of the first LDH 

flakes, a depassivation of the native oxide layer (Al2O3) takes place, followed by its rapid 

dissolution. It is suggested that the OH- present at the interface is incorporated into the Al oxide 

layer leading to the formation of an intermediate layer. Moreover, previous studies on LDH 

formation reported the formation of an intermediate gel-like Al(OH)3 layer due to an increase 

of the local pH prior to the appearance of the LDH flakes 66, 81. However, it is also believed that 

following an increase of the local pH, a cathodic dissolution of the native oxide layer will lead 

to the generation of an AlOOH pseudo-boehmite layer (equation 4). At the same time, the 

exposed underlying Al metal may drive further reduction of water to recreate the protective 

oxide layer. The latter reaction is characterized by the generation of H2, which explains the gas 

evolution (small bubbles) that appear at the substrate’s interface during LDH synthesis 82, 83.  

𝐴𝐴𝑙𝑙2𝑂𝑂3 + 𝐻𝐻2𝑂𝑂 → 2𝐴𝐴𝑙𝑙𝑂𝑂𝑂𝑂𝐻𝐻         (4) 
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An amorphous halo was detected on the XRD patterns recorded at the first seconds of the 

measurements. Earlier in the study, this amorphous halo was associated with a signal from 

water, but it could also be linked to the emergence of a pseudo-boehmite phase.  

Nevertheless, further increase of the local pH destabilizes the formed pseudo-boehmite 

intermediate layer leading to its partial dissolution and liberation of Al(OH)4
- (equation 5) ions 

that will consequently react with Zn(OH)+ to form the LDH flakes (equation 6) 84 : 

𝐴𝐴𝑙𝑙𝑂𝑂𝑂𝑂𝐻𝐻 + 𝑂𝑂𝐻𝐻− + 𝐻𝐻2𝑂𝑂 →  𝐴𝐴𝑙𝑙(𝑂𝑂𝐻𝐻)4−          (5) 

𝐴𝐴𝑙𝑙(𝑂𝑂𝐻𝐻)4− + 𝑍𝑍𝑙𝑙(𝑂𝑂𝐻𝐻)+ +  𝑁𝑁𝑂𝑂3− +  𝐻𝐻2𝑂𝑂 → 𝐿𝐿𝐿𝐿𝐻𝐻 − 𝑁𝑁𝑂𝑂3           (6) 

3. Role of Cu in the alloy on the LDH growth 

In addition to the above reactions, the AFM/SKPFM results together with the TEM-EDX 

images, demonstrated evidence of the contribution of Cu in the LDH growth mechanism. Cu-

redeposition and thus the formation of a thin Cu layer at the interface may accelerate the 

dissolution of the Al matrix through a galvanic coupling effect and further generation of OH-
 at 

the interface. Buchheit el al. suggested that following an S-phase dealloying, nanometer size 

Cu particles (~ 10 nm) can disconnect from the S-phase remnant and lead to their redistribution 

by dissolution/back-plating 85. In the same context, Vukmirovic et al. suggested that Cu 

redistribution is supported not only by a dissolution/back plating mechanism but also by a 

matrix dealloying 86.  

More recently, A. Kosari et al. conducted another detailed investigation of the mechanism of 

local dealloying of AA2024 87, 88. It has been shown that following the dealloying process of S-

phase (Al2CuMg) and θ-phase (Al2Cu), some segments of these IMCs may detach and acquire 

their own free-corrosion potential. Subsequently, the segments will undergo an anodic 

dissolution process and liberate Cu ions that can be redeposited on the same corroding area or 

on other active Cu-rich regions87. The process is supposed to be similar in both S-phase and θ-

phase. However, there are some differences in the amount of liberated Cu ions and their 

redistribution. For instance, in the case of the corroding θ-phase, it will be covered by Al(OH)3 

gel and will progressively become a Cu oxide remnant after its detachment. However, it could 

still release Cu ions from the lower detached area of the particle. On the other hand, S-phase 

compounds induce a larger Cu redistribution since Cu is liberated from various sides of the 
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compound. An important amount of released Cu from S-phase could potentially result on a Cu-

replating on the Al matrix87.  

Moreover, IMCs were not the only source of Cu redistribution since other Cu-rich particles 

such as dispersoids as well as the matrix (with approx. 0.5 wt. % of Cu in solid solution) could 

also contribute, but over a different time-scale 87, 88. Nevertheless, the deposited Cu clusters 

induced further dissolution of the Al matrix through a nano-galvanic coupling effect, which 

leads to a continuation of the events by further detachment of the clusters followed by 

redeposition and dissolution 87. 

Apart from the anodic dissolution of the Al matrix around the IMC regions, contributions of 

other alloying elements were not observed. For instance, a possible formation of MgAl LDH 

around the S-phase as a result of a selective dissolution87-89 and release of Mg2+, was not 

identified in the current study. 

At the same time, essential hypothesis regarding the possibility of a Cu complexation reaction 

should be underlined. The presence of aqueous ammonia in the LDH synthesis bath could exert 

an important action on the Cu particles present on the AA2024 surface 90-94. It has been shown 

that ammonia can favour Cu dissolution in the presence of oxygen. Moreover, nitrates resulting 

from the precursors could further enhance the dissolution process of Cu due to its oxidizing 

power 95. Presumably the dissolution of Cu particles on the AA2024 in the presence of 

ammonia, takes place through the cathodic reduction of oxygen at the Cu surface that is 

simultaneously followed by the anodic dissolution of Cu and reaction with NH3, hence forming 

various forms of Cu complexes 90. This could explain the enrichment of N at the intermediate 

layer in Figure 8. 

Cu-redistribution as a result of a dealloying effect or a complexation reaction can take place at 

the same time, one does not systematically exclude the other. Given the complexity of the 

environment and the lack of data, it is challenging to establish which process is predominant.  

The key function of Cu-rich particles during conversion coating formation has been reported 

previously 18, 96-98. For instance, Cu-rich IMC was shown to induce the co-precipitation reaction 

such as precipitation of hydrated zirconia/Cr(OH)3 in the formation of trivalent chromate 

conversion coating 96 and the precipitation of the Zr/Ti metal oxide for the formation of the 

respective Zr/Ti conversion coating 18. Regarding LDH conversion coating formation, a few 



23 
 

studies highlighted the presence of LDH islands on Cu-rich IMC areas 49, 39. This was associated 

with an acceleration of the aluminium dissolution through a cathodic effect 89, 99-101. In a 

different context, Al anodizing is also affected by Cu-rich particles 102, 103. Indeed, it was 

demonstrated that the Cu species present in the IMCs and solid solution do not oxidize and they 

accumulate at the interface leading to the formation of a Cu-rich region/layer 103.  

Nevertheless, there is still a lack of understanding and information with respect to the critical 

effect that these IMCs have on the LDH conversion coating formation. The current study does 

not provide enough data to provide relevant and definitive conclusions on what occurs at the 

level of IMCs. It is beyond the scope of the present research and will be reported elsewhere in 

the near future.  

Table 2 summarizes the processes realized at each stage, and the observation made using the 

different characterization methods. It should be noted that the timeline shown in the table is 

specific to the current study.  

 

 

Table 2. Description of the LDH growth according to the different characterization methods 
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Stage Stage 0  Stage 1 Stage 2 Stage 3 

Scheme   

  

XRD/ 

Kinetic 

analysis 

- XRD Reflections associated 
with the AA2024 substrate. 

- No reflection associated with 
LDH 

- XRD Reflections associated 
with the AA2024 substrate. 

- No reflection associated with 
LDH 

- Detection of an amorphous 
halo associated with a signal 
from water and/or formation of 
an intermediate pseudo-
boehmite layer 

- Appearance of first XRD 
reflections for LDH phase  

- First (003) reflection at t =21.6 s 
and then (006) reflection after a 
few more seconds 

- Decrease of the intensity of the 
reflections associated with IMCs 

- Continuous increase of the 
LDH reflection intensity and 
decrease of the intensity of the 
reflections associated with the 
AA2024 IMC phases. 

- Increase of the size of the LDH 
flakes “L” (Scherrer 
calculations) 

AFM/ 

SKPFM 

- Observation of scattered IMCs 
and dispersoids on the VPD 
maps, which are more positive 
in potential than the Al matrix 

 
No measurement taken at this 
stage 

- Complete coverage of the surface 
with LDH, including IMCs. 

- Increase of the overall VPD  
- Contribution of the Cu-rich IMC 

dealloying and redeposition on 
the overall VPD increase 

- Continuous increase of the 
VPD levels 

OCP - Decrease of the potential associated with the dissolution of the Al 

native oxide layer 
- Increase of the potential till it 

reaches the first plateau 
- Stable increase of the potential 

due to the thickening of the 
LDH layer 

SEM  - Reference shows some 
scratches and no traces of LDH 

No SEM image taken at this 
stage 

- Appearance of the LDH flakes 
and coverage of the scratches at 
the interface 

- LDH film less compact 

- Change on the overall 
morphology of the LDH layer 

- LDH appears thicker and more 
compact. 

Cross-
section 
TEM/E
DX 

 TEM/EDX observation has been performed on the sample with completely formed LDH film. 

- An intermediate layer is formed under the LDH layer 
- LDH flakes are mainly perpendicular to the surface but minor deviation from perpendicularity was observed in some regions.  
- There is a variation in element distribution along intermediate layer and LDH coating 
- A Cu-rich layer was observed at the interface of the AA2024 substrate and intermediate layer 
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Conclusions 

The combination of in-situ and ex-situ methods was used to investigate the kinetics behind the 

mechanism of LDH conversion coating formation on an AA2024 substrate. The kinetic analysis 

of the data obtained by the in-situ synchrotron high-resolution XRD revealed that the LDH 

growth is a diffusion-controlled 2D-reaction with zero nucleation rate. The activities taking 

place at the interface were monitored by AFM/SKPFM together with OCP measurements, 

whereas the changes in morphology/structures were observed with TEM/EDX and SEM. 

Accordingly, the mechanism of LDH growth can be divided into three main stages: 

1) The initiation stage consists of a fast conversion of the native oxide layer into a pseudo-

boehmite (AlOOH) intermediate layer. Further depassivation of the Al substrate and 

dissolution promotes the growth of this intermediate layer. 

2) The appearance of the first LDH flakes: following the increase of the local pH, the 

partial dissolution of the intermediate AlOOH layer occurs, liberation Al (OH)4
- ions 

that react with Zn (OH)+ inducing an instantaneous nucleation and growth of the LDH 

flakes. This reaction is governed by a diffusion-controlled 2D reaction with a zero-

nucleation rate.  

3) Continuous thickening of LDH film leads to the formation of a dense LDH conversion 

coating. Although the overall formed LDH flakes exhibit a perpendicular orientation 

with respect to the interface, a minor disordered growth of the flakes and some voids 

can be observed between the LDH flakes. 

This study also highlighted the crucial role played by Cu particles contained in the AA2024 on 

the overall mechanism of LDH growth. Indeed, IMC phases, specifically Cu-rich IMCs in the 

AA2024 alloy are known to play a key role in the initiation of conversion coating formation. 

Therefore, it is important to conduct a dedicated investigation of the influence of these IMC 

phases on the mechanism of LDH growth. 

Supporting Information 

Additional description and data supporting the different measurements; scheme of the in-situ 

XRD experimental set-up, Rietveld refined data, list of XRD peaks, additional AFM/SKPFM 

and kinetics data. 
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were observed prior to the appearance of the first LDH flakes. 
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