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Highlights: 9 

 The development of Ca-Al-LDH by in situ growth methodology on 2024-T3 alloy 10 

is studied. 11 

 MnO4
− species were successfully incorporated into the Ca-Al-LDH film.  12 

 Optimum corrosion resistance and paint adhesion are achieved with Mn-doped 13 

Ca-Al-LDH coating. 14 

 The Mn-doped Ca-Al-LDH coating provides active corrosion protection.  15 

 16 

Abstract: Ca-Al-Layered Double Hydroxide (Ca-Al-LDH) coating was explored on 17 

2024-T3 aluminium alloy by in situ growth methodology following a 1 hour treatment at 18 

atmospheric pressure. Mn-based species were successfully incorporated into the Ca-Al-19 

LDH structure by a low-temperature post-treatment (Ca-Al-LDH-Mn). Both LDH 20 

coatings disclosed a flaky-like morphology and low thickness (~0.6 µm).  Ca-Al-LDH-21 

Mn coating showed optimal paint adhesion and the highest long-term corrosion resistance 22 

in 3.5 wt. % NaCl solution. Evaluation of scribed LDH specimens by SEM/EDS 23 

techniques up to 7 days of immersion in 3.5 wt. % NaCl solution revealed that the 24 

presence of Mn species in the Ca-Al-LDH-Mn provided active corrosion protection. 25 

Keywords: 2024-T3; Aluminium; Layered double hydroxides; LDH; Corrosion 26 

inhibitors; Active corrosion protection. 27 
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1. Introduction 30 

Chemical Conversion (CC) treatments aim to form a thin oxide layer on a metallic 31 

substrate by means of a chemical reaction with a suitable solution [1]. CC coatings are 32 

widely used for corrosion-sensitive applications in the aircraft industry due to their easy 33 

operation and cost-effectiveness compared to conventional anodizing. For Al alloys, 34 

chromate-based conversion coatings (CCCs) have a proven track record of over 100 years 35 

owing to their optimal paint adhesion and corrosion performance [2, 3]. However, given 36 

the intrinsic health and safety issues coming along with CCCs, chromates must be 37 

withdrawn from use and substituted by eco-friendly alternatives [4]. Cr-free alternatives 38 

have been an ongoing research topic for more than 20 years [5, 6]. A wide range of 39 

treatments based on Mn-, Ce-, Mo-, Li- and V-species have been investigated, 40 

demonstrating the array of alternative chemistries available for aluminium [3, 7-9]. 41 

Nevertheless, these processes often struggle to fulfil the stringent requirements of the 42 

aircraft industry. 43 

More recently, there has been an increasing interest in the development of layered double 44 

hydroxides (LDHs) [10-12]. LDHs can be described as positively charged mixed metal 45 

[M(II)-M(III)] hydroxide layers and interlayers occupied by anions and water molecules. 46 

The general formula of LDHs can be represented as [MII1-xMIIIx(OH)2]
x+[(Am-47 

)x/n·nH2O]x-, where M(II) and M(III) represent divalent (e.g., Mg2+, Ca2+, Cu2+, Zn2+) and 48 

trivalent metallic cations (e.g., Al3+, Fe3+, Co3+), respectively, and Am- represents the 49 

interlayer anion (e.g., Cl−, CO3
2−, NO3

−). LDH properties can be tailored by controlling the 50 

size, charge, and ratio of the metal cations and anions. These parameters also determine 51 

the crystal structure and the anion-exchange capacity [10, 11]. LDH synthesis methods 52 

can be costly and time consuming [11, 13, 14]. However, the in situ method is cost-53 

effective, versatile, and relatively simple, therefore, suitable for mass-production. For 54 

instance, a ~2 μm-thick coating can be produced by immersing Al (source of Al3+) into a 55 

M2+-containing solution at specific pH conditions [15, 16]. 56 

The anticorrosion properties of LDH coatings are attributed to their barrier effect and 57 

anion-exchange capacity. Furthermore, active corrosion protection can be implemented 58 

by means of inhibitor loading [17]. The active protection mechanism is triggered at the 59 

location of coating defects by changes in pH or other factors, resulting in the release of 60 

corrosion inhibitors and entrapment of corrosive anions (e.g.,  Cl−) within the interlayer 61 
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galleries. This mechanism, in principle, should ensure long-term corrosion protection [15, 62 

18]. 63 

In the case of 2024-T3 alloy, corrosion studies have been focusing on di- (Zn2+, Mg2+) 64 

and trivalent (Ce3+) Al-LDH coatings formed by the in situ approach (Table 1). On 65 

average, LDH coatings increase the corrosion resistance by one order of magnitude 66 

(measured by potentiodynamic polarization, PDP, and impedance modulus at low 67 

frequencies, |Z|10mHz) in comparison to the bare alloy.  68 

 69 
Table 1. Examples of corrosion studies on inhibitor-loaded LDH coatings grown on AA2024-T3 70 

by the in situ method.  71 

LDH 

Recipe/conditions 
Post-treatment/Thickness Corrosion Ref 

Mg/Al-LDH 
0.038 M MgSO4 

0.075 M Al2(SO4)3 

0.595 M H2NCONH2  

 

(90-120) ºC; 9h. 

 

- Vanadate-loading:  

24 h in 0.38 M Vanadate 

solution   

(No T data, pH:  4.5-5.5). 

 

- Sol-Gel coating 

 

- Thickness: 

 LDH-V/Sol-gel: 5.8µm. 

|Z|10 mHz (Ω·cm2) in 3.5 wt. % NaCl 

- LDH/Sol-gel:  

104 (0.5 h) and 4·104 (24-480) h 

- LDH-V/Sol-gel: ̴ 105 (0.5-480) h 

[19] 

Zn/Al-LDH  

Zn(NO3)2 solution 

pH: neutral range  

 

< 100 ºC; Few hours. 

- Vanadate-loading:  

Immersion in NaVO3 solution 

(no concentration data) 

(< 50 ºC and pH: 8-9). 

 

- Thickness: 

 LDH-V: 3-7 µm 

|Z|10 mHz (Ω·cm2) in 2.9 wt. % NaCl 

Unsealed: 4·103 (25 min); 104 (720h) 

LDH: 1·106 (25 min); 105 (720h) 

LDH–V: 3·105 (25 min); 2·105  

(720h) 

[18] 

Zn/Al-LDH 

0.005 M Zn(NO3)2  

pH: neutral range 

 

< 100 ºC; 168-300 h.  

- Vanadate-loading: 

Immersion in NaVO3 solution 

(no concentration data) 

(< 50 ºC and pH: 8-9).  

For a few hours. 

 

- Thickness: No data 

|Z|10 mHz (Ω·cm2) in 2.9 wt. % NaCl 

Zn-Al-LDH: 105 (168 h); 103 (350 h) 

Zn-Al-LDH-V: 7·105 (700 h) 

 [20] 

Zn/Al–LDH 

0.05 M Zn(NO3)2  

0.3 M NH4NO3 

 

45 ºC, 6 h; pH: 

neutral. 

 

1- Vanadate-loading: 

Immersion in 0.1 M NaVO3  

(pH: 8.8 ± 0.2). 

 

2- Molybdate-loading: 

Immersion in 0.1 M Na2MoO4  

(pH: 8.8 ± 0.2). 

 

3- MBT-loading:  

Immersion in 0.1 M NaMBT 

solution (pH:10). 

 

All reactions were performed 

at 45ºC and 2 h. 

 

-Thickness: No data 

PDP (Ecorr (V); icorr (A·cm-2)) in 2.9 

wt. % NaCl  

Unsealed: -0.55; 1.04·10-5 

Zn-Al-LDH: -0.51; 4.2·10-6 

Zn-Al-LDH-V: -0.46; 9.44·10-8 

Zn-Al-LDH-Mo: -0.50; 5.25·10-7 

Zn-Al-LDH-MBT: -0.45; 5.57·10-7 

 
[21] 
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Zn/Al/Ce-LDH:  

0.05 M Zn(NO3)2 

0.005 M Ce(NO3)3  

0.3 M NH4NO3  

 

- 70 ºC; 24 h. 

 

-Vanadate-loading:  

Immersion in 0.1 M NaVO3 

solution  

(45 ºC and pH: 8.8 ± 0.2).  

For 2 hours.  

 

- Thickness: 

ZnAlCe/V2O7: 2 µm 

|Z|10 mHz (Ω·cm2) in 2.9 wt. % NaCl  

ZnAl-NO3: 4·103 (24 h),  

ZnAlCe-NO3: 104 (24 h) 

ZnAlCe/ V2O7: 106 (24 h); 2·106 (336 

h)  
[22] 

Zn/Al-LDH: 

0.05 M Zn(NO3)2 

0.3 M NH4NO3  

 

- 45 ºC, 6 h; 

 pH: neutral. 

- Molybdate-loading:  

Immersion in 0.1 M Na2MoO4  

(45 ºC and pH: 10).  

For 2 hours. 

 

- Thickness: 

1. LDH-MoO4: 15.605 nm 

2. LDH-MoO4/GN: 12.217 nm 

|Z|10 mHz (Ω·cm2) in 3.5 wt. % NaCl  

 

LDH-MoO4: 4·104 

MoO4/GN: 2·105 

  
[23] 

 72 

It is important to note that most of the examples shown in Table 1 are concerned with 73 

LDH coatings that are thicker than CCCs (0.05-2 µm). This poses a major challenge for 74 

fatigue-critical components in the aircraft industry [4]. Besides, long treatment times and 75 

high temperatures (> 6h; >100 ºC) are often used, thereby limiting commercial acceptance 76 

of LDH.  77 

Regarding the use of corrosion inhibitors on LDH-coated 2024-T3 alloy, vanadate (VO4
3−) 78 

and permanganate (MoO4
2−) anions have been successfully intercalated into Zn-Al-LDH 79 

(Table 1). MoO4
2− ion is known to behave as an anodic inhibitor, whereas VO4

3− ion is 80 

considered to be a mixed inhibitor for aluminium, suppressing both anodic and cathodic 81 

reactions. In this scenario, Zn-Al-LDHs loaded with VO4
3− can be considered promising 82 

candidates for substituting CCCs. However, VO4
3− ions have been categorised as equally 83 

toxic as chromate [24]. Therefore, the search for Cr- and V-free alternatives is still an 84 

important research topic. 85 

Ca-Al-NO3 represents an alternative to the Zn-Al system as it stands out for its excellent 86 

exchange ability with several anionic species (e.g., CO3
2−, PO4

3− and long fatty acids) [25-87 

27]. For instance, Ahsan Iqbal et al. [28] produced a Ca-Al-LDH coating by in situ growth 88 

methodology on 6082 alloy and reported an increase in the |Z|10mHz by almost three orders 89 

of magnitude compared to the bare alloy.  90 

Up to date, there are no available data on the in situ growth of Ca-Al-LDH on 2024-T3 91 

alloy, which is the most widely used Al alloy in the aircraft industry. In addition, other 92 

aspects remain unclear. For instance, there is no available data on the paint adhesion for 93 

inhibitor-containing LDH systems, which is a key parameter for the aircraft industry, as 94 

CCs would typically constitute a part of a multi-layer coating system. In the present study, 95 
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different aspects are investigated with the aim to fill up some of these knowledge gaps: 96 

(i) in situ growth of a Ca-Al-LDH coating on 2024-T3 using short treatment times at 97 

atmospheric pressure; (ii) incorporation of MnO4
− as eco-friendly corrosion inhibitor into 98 

the LDH structure; and (iii) evaluation of active corrosion protection and paintability. 99 

 100 

2. Experimental part 101 

2.1. Specimen preparation 102 

The base aluminium alloy used for this study is AA2024-T3 (wt. %: 3.8-4.9 Cu, 1.2-1.8 103 

Mg, 0.3-0.9 Mn, <0.5 Fe, <0.5 Si, <0.25 Zn, <0.15 Ti, <0.1 Cr and Al balance) supplied 104 

by SMW Engineering Group. 105 

The samples were cut from sheets into rectangular specimens (20×25×1.5 mm3) and pre-106 

treated following an industrial procedure recommended by Henkel. The 2024-T3 107 

specimens were immersed in 70 g L−1 BONDERITE C-AK 4215NC solution for 10 min 108 

at 60 °C and etched in 85 g L−1 BONDERITE C-AK ALUM ETCH 2 AERO at 40 °C for 109 

2 min. Each procedure was followed by rinsing in deionized water. Finally, specimens 110 

were desmutted by immersion in BONDERITE C-IC SMUTGO NC AERO for 5 min, 111 

rinsed in deionized water and, dried with warm air.  112 

2.2. LDH synthesis 113 

The synthesis of Ca-Al-LDH and Ca-Al-LDH-Mn was carried out at ~95 ºC for 1 hour 114 

following the steps depicted in Figure 1. Specimens were vertically immersed in a 0.1 M 115 

Ca(NO3)2·4H2O and 0.3 M NH4NO3 aqueous solution at pH ~10. The pH value was 116 

adjusted by adding 2M NaOH solution. After rinsing in deionized water and drying with 117 

warm air, the specimens were post-treated by immersion in a 0.1 M KMnO4 solution at 118 

~45 ºC for 2 h (pH ~10). The rinsed and dried Ca-Al-LDH and Ca-Al-LDH-Mn 119 

specimens were stored in a desiccator for at least 24 h before use. 120 

 121 

Figure 1. In-situ growth method scheme for LDH conversion coatings on the 2024-T3 alloy. 122 
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Note that this experimental procedure was selected after a screening process (Table 1 and 123 

Figure S1) based on: (i) visual uniformity of the coating and (ii) the value of the 124 

impedance modulus (Z 10-2 Hz) obtained by electrochemical impedance spectroscopy 125 

(EIS) in 3.5 wt. % NaCl. The latter gave an estimation of the short-term corrosion 126 

resistance of the coatings studied, where higher values of |Z| indicate a lower corrosion 127 

rate. In this screening, different Ca(NO3)2 concentrations (0.05-0.2 M), temperatures (70-128 

95°C), treatment times (15-360 min) and pH values (6.5-10) were evaluated. 129 

2.3. Characterization of LDH-coated specimens 130 

Planar and cross-sectional views of LDH-coated specimens were examined using JEOL 131 

JSM 6335F field emission scanning electron microscope (FESEM) working at 15 kV and 132 

equipped with an energy dispersive (EDS) spectrometer for semi-quantitative analysis. 133 

For detailed analysis, cross-sectional views of LDH-coated specimens were examined by 134 

transmission electron microscopy (TEM) using a JEM 2100 instrument with an 135 

accelerating voltage of 200 kV. 20 nm-thin TEM specimens were prepared by sectioning 136 

in an ultramicrotome (Leica Ultracut S) with a diamond knife (Microstar Technologies 137 

Inc.). 138 

The phase composition of LDH-coated specimens was carried out by XRD analysis using 139 

a Philips X’Pert-MPD instrument (Cu Kα = 1.54056 Å). The XRD spectra were acquired 140 

with a 0.1º grazing incidence and in the range of 2θ from 10° to 40° with a step size of 141 

0.05° and a dwell time of 6 s per step. Phase analysis was evaluated using X'Pert High 142 

Score software and the PDF4+ database. 143 

Real and topographic 2D and 3D images were obtained with an InfiniteFocusSL optical 144 

profilometer (ALICONA InfiniteFocusSL, Gmbh). Topographic information was 145 

analysed with the IF-Measure Suite software to extract roughness parameters, such as Ra 146 

(arithmetic mean value in a roughness profile) and Sa (the difference in height of each 147 

point compared to the arithmetical mean of the surface). 148 

Fourier transform infrared spectroscopy (FTIR) analysis was conducted with a FTIR 149 

Nicolet iS50 instrument (Thermo Fisher Scientific) equipped with a KBr beam splitter 150 

and a DTSG-KBr detector. The FTIR spectra were performed in the range of frequency 151 

from 4000 to 400 cm−1. Resolution and number of scans were set to 0.5 cm−1 and 7500, 152 

respectively. 153 
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XPS analysis was conducted with a Fisons MT500 spectrometer (XPS) equipped with a 154 

hemispherical electron analyzer (CLAM 2) and an Mg Kα X-ray source operating at 300 155 

W, following the experimental procedure described in [29]. Spectra were acquired after 156 

10 min Ar ion bombardment (AIB). The AIB was performed using an EXO5 ion gun 157 

incorporated into the equipment, provided with a scanning unit to track the beam, and 158 

operating at a voltage of 5 kV, an intensity of 10 mA, and 1x10-7 Torr of pressure. 159 

The wettability of selected specimens was evaluated with deionized water using an FTA 160 

1000/FTA instrument and the FTA32 software. Cited values for each LDH coating are the 161 

average of 6 drops (3 in each of the two specimens).  162 

2.4. Electrochemical impedance spectroscopy (EIS)  163 

EIS was performed to evaluate the corrosion resistance of all coated specimens in an aqueous 164 

saline solution (3.5 wt. % NaCl) at room temperature. Specimens with an exposed area of 1 165 

cm2
 were used in a three-electrode cell with a GillAC potentiostat (ACM Instruments). A 166 

graphite rod and silver–silver chloride (Ag/AgCl, 3 M KCl) were used as counter and 167 

reference electrodes, respectively. A sinusoidal perturbation of 10 mV amplitude in the 168 

frequency range of 30 kHz–0.01 Hz was applied after different immersion times (up to 28 169 

days). All measurements were repeated at least twice. Equivalent circuits were simulated by 170 

using ZView software. Fits of the experimental data were obtained with chi-squared values 171 

in the range of 0.0001–0.001. 172 

 173 

2.5. Paint adhesion 174 

Dry paint adhesion test was carried out by triplicate in accordance with EN ISO 2409 standard 175 

using a 6 line cross-cut with 1 mm spacing. The rating system (from 0 to 5) is based on the 176 

detached surface area after the test, considering 0 optimal (no detachment) and 5 complete 177 

detachment. The epoxy primer 37076 used in this study was supplied by AkzoNobel and 178 

applied in-house with a metallic paint roller, followed by curing at 80 °C for 1 hour. 179 

2.6. Active corrosion protection in scribed specimens 180 

LDH-coated specimens, with and without inhibitor, were manually scribed with a 181 

tungsten carbide tip across the sample surface (the depth of the scribe was larger than the 182 

coating thickness and reached the underlying substrate). Hereafter, specimens were 183 

immersed in an aqueous 3.5 wt. % NaCl solution up to 7 days of exposure. Changes in 184 

the coating and the scribe were monitored using a digital stereomicroscope (BMS 185 
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Breukhoven), equipped with a 5-megapixel digital camera, and by SEM/EDS 186 

examination. 187 

 188 

3. Results and discussion 189 

3.1. Characterization of the coatings 190 

Figure 2 shows the surface, optical profilometry 2D micrographs, and 3D topographical 191 

maps of the Ca-Al-LDH and Ca-Al-LDH-Mn coatings. The roughness values are 192 

presented in Table 2. Visible scallops or round cavities on both surfaces correspond to 193 

locations of secondary phases that were removed during the applied pre-treatment. The 194 

Mn-based post-treatment renders the surface golden. This is likely associated with MnO4
− 195 

incorporation and formation of Mn-rich compounds which are typically brown/yellow 196 

[30]. No significant topographic changes are observed on the 2D and 3D optical 197 

profilometry micrographs. Slightly higher values of roughness are obtained in the case of 198 

the Ca-Al-LDH-Mn specimen. 199 

 200 

Figure 2. Surface appearance and optical profilometry micrographs of (a) Ca-Al-LDH and (b) 201 

Ca-Al-LDH-Mn coatings, including the 2D-real colour images and 3D-topographical maps. 202 

 203 

 204 
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Table 2. Roughness values of studied Ca-Al-LDH-based coatings on 2024. 205 

Roughness (µm) Ca-Al-LDH Ca-Al-LDH-Mn 

Ra 

Sa 

0.10±0.01 

0.30±0.02 

0.30±0.02 

0.40±0.02 

 206 

Scanning electron micrographs reveal that the Ca-Al-LDH and Ca-Al-LDH-Mn coatings 207 

consist of flakes that are uniformly spread across the surface (Figure 3).  208 

209 

Figure 3. Planar view (a-d) and cross-sectional view (e, f) of secondary electron micrographs of 210 

Ca-Al-LDH and Ca-Al-LDH-Mn coatings on 2024 alloy.  211 
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It is important to note that flakes are relatively small due to the operating conditions used 212 

in this study (1 hour and 95 ºC). Other studies, with longer treatment times (>12 h) and 213 

higher temperatures (140 ºC), show larger flakes [27, 28].  214 

Cross-sectional micrographs of Ca-Al-LDH (Figure 3e) and Ca-Al-LDH-Mn (Figure 3f) 215 

reveal a similar thickness of approximately 0.6 µm for both coatings. However, some 216 

localized thickness heterogeneity can be also observed, especially in the proximity of the 217 

intermetallic particles (Figure 3f). These thickness values are considerably lower in 218 

comparison to the available literature related to Ca-Al-LDH coating formed by in situ 219 

growth methodology [28]. This is mainly related to the low temperature and treatment 220 

times used in this study. 221 

According to the EDS results presented in Table 3, the contents of Al, Cu, and Mg coming 222 

from the substrate were similar for both Ca-Al-LDH and Ca-Al-LDH-Mn coatings (areas 223 

marked as 1 in Figure 3). 224 

Table 3. EDS (at. %) area analysis of Ca-Al-LDH and Ca-Al-LDH-Mn coatings on 2024 alloy.  225 

Coating Location O Al Ca Mn Cu Mg Fe 

Ca-Al-LDH 

Longitudinal 

view 

1 55.6 43.0 - - 0.3 1.0 0.1 

2 65.2 33.4 0.1 - 0.6 0.4 0.3 

3 70.0 29.1 0.1 - 0.3 0.3 0.2 

Cross-section 

view 

4 52.8 45.3 0.1 - 1.0 0.8 - 

5 56.2 43.0 - - 0.2 0.6 - 

Ca-Al- 

LDH-Mn 

Longitudinal 

view 

1 46.4 52.0 - 0.4 0.4 0.8 - 

2 84 5.5 0.5 9.2 - 0.3 0.5 

3 69.4 21.1 0.2 2.0 5.3 1.8 0.2 

Cross-section 

view 

4 68.1 29.8 0.3 1.0 0.2 0.5 0.1 

5 24.6 64.7 - 1.0 6.5 0.2 3.0 

 226 

The EDS analysis shows that Ca was only detected at low concentration (~ 0.1-0.5 at. %) 227 

and preferentially located within white round deposits (points 2 and 3 in Figures 3a and 228 

3b) and in the external outer layer (points 4 in Figures 3e and 3f). The limited 229 

incorporation of Ca into the LDH structure may be related to the experimental conditions 230 

used in the present study (95 ºC and 1 h). This is in line with the study of Ashan Iqbal et 231 

al. [28]. In that work, Ca-Al-LDH coatings were prepared at higher temperatures (140ºC) 232 

and longer treatment times (12-72 h) compared to the present study. This resulted in 233 
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higher incorporation of Ca (Ca/Al wt. % ratio: from 1:7 to 1:4 for 12 and 72 h, 234 

respectively) than that found in the present study (Table 3). 235 

After the inhibitor post-treatment, Mn is detected in both plan view and cross-section of 236 

the LDH coating, which is in agreement with the colour change observed in the optical 237 

images. A particularly high amount of this element along with a high amount of O is 238 

found in the white round deposits. It is important to mention that these Mn-enriched 239 

deposits are surrounding or covering intermetallic particles as deduced from the 240 

significant amount of Mg, Fe, and Cu (points 2 and 3 in Figure 3b).  241 

This is probably due to the cathodic nature of secondary phases facilitating the reduction 242 

of Mn(VII), presumably to form lower valence Mn oxides/hydroxides [31-34]. Besides, 243 

it is well-known that reduction of Mn(VII) to Mn(II) is highly favoured in alkaline media 244 

(pH: ~9-12) [32, 35, 36]; in this study, the Mn-loading process was carried out at pH 10.  245 

 246 

XRD patterns of the Ca-Al-LDH and Ca-Al-LDH-Mn coatings formed on the 2024 247 

substrate are shown in Figure 4. Al peaks from the substrate are present due to the small 248 

thicknesses of LDH coatings, which are below the penetration depth of the X-rays.  249 

 250 

Figure 4. XRD patterns of Ca-Al-LDH and Ca-Al-LDH-Mn coatings on 2024 alloy. 251 
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A small diffraction peak at ~12º was detected for the Ca-Al-LDH specimen. This was 252 

insufficient for a sound identification, but it is located in the characteristic region of LDH 253 

phases, particularly near the (001) diffraction of Ca-Al-LDH (JCPDS #870493) [37, 38].   254 

In the case of Ca-Al-LDH-Mn, no (001) LDH diffractions were observed. This could be 255 

associated with the presence of Mn in the Ca-Al-LDH structure that causes 256 

broadening/shifting of the diffraction peak [39, 40], making the already small (001) peak 257 

indistinguishable. However, as shown by SEM micrographs, the characteristic flakes of 258 

LDH coatings are still visible, indicating that the permanganate post-treatment did not 259 

destroy the LDH scaffold.  260 

The presence of CaCO3 (JCPDS #862334) may arise from the interaction of free aqueous 261 

Ca2+ with CO3
2− anions coming from atmospheric CO2 contamination during the LDH 262 

synthesis [38, 41]. An additional CaCO3 peak was detected in the Ca-Al-LDH-Mn 263 

coating.  This can be related to: (i) further interaction of Ca2+ with CO3
2− during the Mn-264 

loading step under atmospheric conditions, and (ii) the alkaline conditions during post-265 

treatment (pH 10) favouring CaCO3 precipitation [42].  266 

Note that no additional Ca-containing phases were identified, probably due to the short 267 

treatment time used in this study (1 hour). For instance, according to Ahsan Iqbal et al. 268 

[28], who developed a Ca-Al-LDH coating on the 6082 alloy at treatment times between 269 

12 and 72 h, Ca-containing phases such as Ca(OH)2 (~17.5º) and tricalcium aluminate 270 

(~27.5º) were detected after long treatment times.  271 

Figure 5 depicts the cross-sectional transmission electron micrographs of Ca-Al-LDH 272 

and Ca-Al-LDH-Mn. Both coatings disclose a two-layered structure, comprising a porous 273 

inner layer and a thinner flaky layer at the top.  274 

This double layer morphology is in agreement with recent results on a Mg-Al-LDH 275 

coating on 6082 alloy [43] and Zn-Al-LDH on 2024 alloy [44]. Note that the coatings 276 

appear to have suffered knife damage to some extent, hence the relatively loose 277 

morphology. The corresponding TEM diffraction patterns of both inner and outer parts 278 

of the Ca-Al-LDH coating reveal diffusive rings typical of a mixture of largely amorphous 279 

and some nanocrystalline material (Figure 5a). These diffraction patterns are in 280 

agreement with the small size of the (001) diffraction peak in the XRD pattern (Figure 281 

4). As shown by the TEM micrographs (Figure 5b), the subsequent permanganate post-282 

treatment did not alter the overall morphology and the amorphous/nanocrystalline nature 283 

of the LDH coating.   284 
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 285 

Figure 5. Transmission electron micrographs of (a) Ca-Al-LDH and (b) Ca-Al-LDH-Mn coatings 286 

on 2024-T3 alloy.  287 

FTIR spectra of the Ca-Al-LDH and Ca-Al-LDH-Mn specimens are shown in Figure 6.  288 

Both studied LDH coatings showed similar absorption bands assigned to bond vibrations 289 

of the LDH layers and interlayer anions. Namely, the broad absorption band at 3400 cm-290 

1 corresponds to the stretching bond vibration mode of H-OH (water molecules) and M-291 

OH (M= Ca, Al) in the LDH structure. Note that this band is more intense for Ca-Al-292 

LDH-Mn coating. This is associated with the formation of hydrogen bonds between water 293 

molecules and carbonate ions in the LDH interlayers [45]. The small band at ~1600 cm-1 294 

corresponds to the bending stress of the interlayer water molecules [35, 46]. Small bands 295 
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at 1380 cm-1 and 900 cm-1 correspond to the stretching vibrations of NO3
−  and CO3

2−  296 

anions, respectively. The presence of these anions in the LDH interlayer balance the 297 

positive charge of the studied Ca-Al-LDH coating [17, 45].  298 

In the low-frequency range, the band spectra at 400-800 cm−1 is associated with M-O, M-299 

OH (M=Ca, Al) and CO3
2− stretching bond vibrations [35, 47]. There is a clear difference 300 

between both spectra in this range since a more intense band and small shoulders can be 301 

discerned in the Ca-Al-LDH-Mn coating. This may be associated with the overlapping of 302 

additional Mn-related bond vibrations into the Ca-Al-LDH structure. Namely, small 303 

bands observed at ⁓540 cm-1 and 660 cm-1 arise from the stretching vibration of the Mn-304 

O-Mn and Mn-O bonds, respectively [48, 49].  305 

 306 

 307 

Figure 6. FTIR spectra of Ca-Al-LDH and Ca-Al-LDH-Mn coatings on 2024 alloy. 308 

Figure 7 shows the XPS survey spectra obtained for Ca-Al-LDH and Ca-Al-LDH-Mn 309 

coatings. Both coatings show Al, C, Ca, and O peaks. Successful incorporation of Mn is 310 

also manifested at the high energy end of the spectra, along with the characteristic peak of K 311 

2p which comes from KMnO4 (Figure 7b). After peak fitting, the content of these elements 312 

was calculated (Table 4).  313 
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 314 

 315 

Figure 7. Survey XPS spectra of (a) Ca-Al-LDH and (b) Ca-Al-LDH-Mn coatings. 316 

 317 
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Table 4. XPS results of Ca-Al-LDH and Ca-Al-LDH-Mn coatings. Note that K was 318 

deliberately not included in the Ca-Al-LDH-Mn. 319 

Element Binding energy (eV) at. % 

Ca-Al-LDH 

O 1s 531.8 52.4 

C 1s 287.7 20.9 

Ca 2p 349.9 2.8 

Al 2p 75.3 23.9 

Ca-Al-LDH-Mn 

O 1s 531.0 57.0 

C 1s 287.1 10.4 

Ca 2p 349.1 1.3 

Al 2p 74.4 19.8 

Mn 2p 641.7 11.5 

 320 

The high resolution Al 2p spectra show slightly different binding energies for Ca-Al-LDH 321 

(75.3 eV) and Ca-Al-LDH-Mn (74.4 eV) (Figure S2). Wang et al. [50] observed a similar 322 

shift when increasing the LDH synthesis time and associated it with the gradual 323 

conversion of Al2O3 (75 eV) into Al(OH)3 (74.2 eV). In the present study, it is suggested 324 

that the Mn-loading post-treatment (45 °C, 2 h) produces an analogous effect.  325 

The O 1s spectra (~530 to 532 eV) (Figure S3) of both Ca-Al-LDH and Ca-Al-LDH-Mn 326 

coatings is associated with the presence of (i) OH- ions (~531.5 eV), (ii) CO3
2− anions 327 

(~531.8 eV), (iii) Ca-O (~530.3 eV) and (iv) Al-O (~531.8 eV) bonds in the LDH 328 

structure [51, 52].  329 

Following post-treatment, the high resolution O 1s spectrum shows a slight shift to lower 330 

binding energy (531.81 to 530.96 eV) (Table 4). This may be related to the presence of 331 

additional Mn-O-Mn bonds (~530 eV) in the LDH structure [53]. This could also explain 332 

the increase in O content after Mn loading post-treatment (Table 4). This is in line with 333 

the Mn-O-Mn and Mn-O bond vibrations observed in FTIR (Figure 6).  334 

The C 1s spectra in both Ca-Al-LDH and Ca-Al-LDH-Mn show the presence of CO3
2− 335 

anions in the LDH structure [51] (Figure S4). The Ca 2p spectra confirm the presence of 336 

Ca-O bonds [52] (Figure S5). Ca-Al-LDH-Mn coating displayed lower C and Ca 337 

concentrations in comparison to Ca-Al-LDH coating (Table 4). The lower C content may 338 

be the result of an anion-exchange mechanism where  CO3
2− anions are replaced by MnO4

−. 339 

Additionally, the formation of Mn-rich deposits on the surface would also be responsible 340 

for the decreased signals of C and Ca in the layer thickness probed by XPS. 341 
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Mn manifests as a peak at the high-energy region of the spectrum (640-647 eV) in Ca-342 

Al-LDH-Mn coating (Figure 7b). For detailed analysis, Figure 8 shows the high-343 

resolution XPS spectrum of Mn 2p. After peak fitting, the content of Mn in its different 344 

oxidation states was calculated (Table 5). 345 

 346 

Figure 8. High-resolution XPS spectrum of Mn 2p for Ca-Al-LDH-Mn coating. 347 

 348 

Table 5. XPS results for the Mn 2p level in the Ca-Al-LDH-Mn coating. Note that the total Mn 349 

content in the analysed surface amounts to 11.5 at.%. 350 

Mn oxidation state Binding energy (eV) Peak area (%) at. % 

Mn+2 640.5 29.1 3.3 

Mn+3 641.7 32.6 3.8 

Mn+4 643.0 30.6 3.5 

Mn+7 646.8 7.7 0.9 

 351 

Table 5 shows similar concentrations of Mn2+, Mn3+ and Mn4+. The lower concentration 352 

of Mn7+ indicates that the Ca-Al-LDH-Mn coating contains a small amount of MnO4
− 353 

anions in the LDH structure [30, 40]. This is attributed to the reduction of Mn(VII) during 354 

the Mn-loading process since in alkaline medium (pH 10) its reduction is highly favoured 355 

[32, 35, 36]. A similar result was observed by Yang et al. [40] for the incorporation of 356 

MnO4
− in Mg-Al-LDH. They suggested that Mn2+ and Mn3+ isomorphically replaced Mg2+ 357 
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and Al3+ in the LDH structure and, to some extent, reduced the intercalation of Mn7+. 358 

They also suggested that Mn4+ existed as MnO2 on the surface.  359 

Therefore, it is possible that Mn2+ and Mn3+ also isomorphically substitute Ca2+ and Al3+ 360 

in the Ca-Al-LDH-Mn coating (the size of Ca2+ (1.10 Å) is similar to that of Mg2+ (0.8 Å) 361 

[41]). This premise is supported by the similar proportion of Mn in the present study and 362 

the study of Yang et al. The formation of brown/yellow MnO2 was confirmed in the 363 

literature [54] and is in line with the characteristic colour change after Mn-based post-364 

treatment observed in Figure 2. 365 

3.2. Corrosion behaviour  366 

Figure 9 depicts the Bode diagrams of Ca-Al-LDH and Ca-Al-LDH-Mn coatings after 367 

immersion in 3.5 wt. % NaCl for 1 hour and 28 days. Figure S6 displays Bode diagrams 368 

(|Z| vs f) at intermediate immersion times for Ca-Al-LDH and Ca-Al-LDH-Mn 369 

specimens. 370 

 371 

Figure 9. Bode plots of the Ca-Al-LDH and Ca-Al-LDH-Mn coatings after 1 hour and 28 days 372 

of immersion time in 3.5 wt. % NaCl solution. 373 
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The impedance modulus is a well-known indicator of the general corrosion resistance of 374 

LDH systems [55]. After 1 hour of immersion, the impedance modulus at 10-2 Hz of the 375 

Ca-Al-LDH-Mn coating (5.8·105 Ω cm2) is approximately one order of magnitude higher 376 

than that of the Ca-Al-LDH coating (6.1·104 Ω cm2) (Figure 9a). This demonstrates the 377 

positive effect of the Mn post-treatment.  378 

Following 28 days of immersion, the observed drastic decrease of impedance at 10-2 Hz 379 

for Ca-Al-LDH (1.2·104 Ω cm2) and Ca-Al-LDH-Mn (7.3·104 Ω cm2) coatings indicates 380 

an acceleration of the kinetics of the overall corrosion process due to the penetration of 381 

 Cl− ions (Figure 9b, d) [16, 56]. In any case, the beneficial effect of Mn is still observed.  382 

The electrochemical response in the Bode diagrams can be associated with three distinct 383 

parts of the coatings: (i) the flaky outer LDH layer at high frequencies (103-105 Hz); (ii) 384 

the denser inner LDH layer at medium frequencies (101–102 Hz), and (iii) the 385 

electrochemical activity at the substrate interface at low frequencies (100-10-2 Hz). It is 386 

worth noting that the time constants at high and medium frequencies show strong 387 

overlapping. The equivalent circuit with three-time constants shown in Figure 10 was 388 

used to fit the experimental data. The calculated electrochemical parameters are presented 389 

in Table 6.  390 

 391 

Figure 10. Equivalent circuit used to fit the EIS data of Ca-Al-LDH and Ca-Al-LDH-Mn coatings 392 

grown on AA2024-T3 substrate after 1 hour and 28 days of immersion in 3.5 wt. % NaCl solution. 393 

Rs accounts for the resistance of the electrolyte. Constant phase elements (CPE) were 394 

used instead of capacitances to account for the non-ideal behaviour of the system. 395 

CPELDH-out/RLDH-out  are ascribed to the capacitive and resistive behaviour of the outer 396 

LDH layer. CPELDH-in/RLDH-in are ascribed to the capacitive and resistive behaviour of the 397 
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inner LDH layer, and CPE-dl/Rp are ascribed to the double layer capacitance of the 398 

electrolyte/metal interface and the polarization resistance. This is in concordance with the 399 

bi-layer structure observed by TEM and the available literature [14, 57].  400 

Table 6. Equivalent circuit data for Ca-Al-LDH and Ca-Al-LDH-Mn on 2024 alloy in 3.5 wt. % 401 

NaCl solution. The standard deviation values are shown in parentheses. 402 

Coating 
CPE  

LDH-out 

(F s(n-1)·cm-2) 

n 

LDH-out 

R 

LDH-out 

( cm2) 

CPE 

LDH-in 

(F s(n-1)·cm-2) 

n  

LDH-in 

 

R 

LDH-in 

( cm2) 

CPEdl 

(F s(n-1)·cm-2) 

ndl Rp 

( cm2) 

1 hour 

Ca-Al-

LDH 

8.7·10-6 

(±1·10-6) 
0.82 

21 

(±2) 

4.9·10-6 

(±1·10-6) 
0.91 

1.7·104 

(±1·103) 

1.6·10-4 

(±2·10-5) 
0.93 

5.6·104 

(±1·103) 

Ca-Al-

LDH-Mn 

9.5·10-6 

(±1·10-7) 
0.84 

450 

(±40) 

1.1·10-7 

(±1·10-9) 
0.98 

2.9·105 

(±1·104) 

5.7·10-6 

(±1·10-6) 
0.80 

5.2·105 

(±1·102) 

28 days 

Ca-Al-

LDH 

9.7·10-6 

(±6·10-7) 
0.96 

13 

(±4) 

6.1·10-5 

(±6·10-6) 
0.78 

9.1·103 

(±4·102) 

1.4·10-3 

(±2·10-4) 
0.84 

1.1·104 

(±2·102) 

Ca-Al-

LDH-Mn 

7.9·10-6 

(±5·10-6) 
0.85 

80 

(±30) 

8.4·10-6 

(±5·10-7) 
0.77 

5.9·104 

(±1·103) 

3.3·10-4 

(±1·10-5) 
0.77 

7.1·104 

(±4·103) 

 403 

After 1 hour of immersion, Ca-Al-LDH-Mn shows superior barrier properties (R-LDH-out, 404 

R-LDH-in, and Rp) than Ca-Al-LDH (Table 6). This enhanced corrosion resistance was 405 

equally confirmed by its lower CPE values [15, 18]. After 28 days of immersion, a 406 

decrease in the overall resistance and increase in CPE parameters is observed in both 407 

LDH coatings. This indicates that the electrolyte has penetrated through both Ca-Al-LDH 408 

and Ca-Al-LDH-Mn coatings and given rise to electrochemical activity at the 409 

substrate/coating interface [14, 56].   410 

Considering the presence of Mn in the LDH structure evidenced by the SEM/EDS 411 

examinations (Figure 3 and Table 3) and XPS analysis (Figure 7), the improved 412 

corrosion resistance of the Ca-Al-LDH-Mn coating may be attributed to the (i) hampered 413 

mass transport of aggressive species towards the electrolyte/metal interface due to the 414 

presence of Mn species in the coating and, (ii) hampered cathodic activity of the 415 

intermetallic compounds (IMCs) due to the formation of Mn-enriched deposits [31, 32].  416 

Compared to other studies on the 2024 alloy coated with V-, Mo- and MBT-containing 417 

LDH coatings [14, 21, 22], the present Ca-Al-LDH-Mn coating provides a similar level 418 

of long-term barrier corrosion protection, while being considerably thinner and requiring 419 

a lesser preparation time.  420 
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In summary, EIS analysis confirmed enhanced barrier properties as a consequence of the 421 

Mn-loading step.   422 

3.3. Water contact angle and paintability  423 

The paintability is directly related to the material surface wettability and, therefore, 424 

contact angle measurements can be used as a useful predictive tool (i.e. low contact angle 425 

should correlate with high paintability). Both LDH coatings show high hydrophilicity 426 

with contact angle values of (4±1)º and (26±6)º for Ca-Al-LDH and Ca-Al-LDH-Mn, 427 

respectively. This is attributed to the porous structure of the LDH layers. Note that the 428 

differences in contact angle were different on a quantitative level but not on a qualitative 429 

level since both coatings are hydrophilic. To the authors’ best knowledge, there are no 430 

studies available in the literature concerning the wettability of Mn-containing LDH or 431 

Mn-based conversion coatings. Therefore, the differences in wettability may be related to 432 

the homogeneous distribution of Mn species in the Ca-Al-LDH-Mn coating. This may 433 

hamper to some extent the penetration of water within the LDH structure. 434 

Paint adhesion tests revealed an excellent performance (0 rating) for both coatings 435 

(Figure 11). Therefore, the presence of Mn-containing species in the LDH surface 436 

chemistry does not compromise paint adhesion.  437 

 438 

Figure 11. Water drop and surface appearance of painted LDH coatings surfaces after the paint 439 

adhesion test. Rating 0 for both Ca-Al-LDH and Ca-Al-LDH-Mn. 440 
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3.4. Evaluation of active corrosion protection 441 

Figure 12 shows the surface appearance of scribed Ca-Al-LDH and Ca-Al-LDH-Mn 442 

specimens after immersion in 3.5 wt. % NaCl solution.  443 

 444 

Figure 12. Surface appearance of Ca-Al-LDH and Ca-Al-LDH-Mn scribed coatings following 445 

immersion in 3.5 wt. % NaCl solution at different time points. Red arrows indicate the corrosion 446 

damage. 447 
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Localized corrosion for the Ca-Al-LDH specimen is observed just after one day of 448 

immersion. Then, the number and size of the damaged areas increase with the immersion 449 

time. Conversely, the Ca-Al-LDH-Mn coating provides longer-lasting protection 450 

(localized corrosion was only visible after 3 days). Note that the characteristic 451 

yellow/brown color of the Ca-Al-LDH-Mn specimen was preserved during the immersion 452 

test. This may be associated with the insoluble character of MnO2 [32, 58] in the studied 453 

NaCl aqueous solution (pH 6.6 ± 0.2). 454 

Figure 13 shows the SEM micrographs of scribed LDH coatings before and after 7 days 455 

of immersion in 3.5 wt. % NaCl solution. 456 

457 

Figure 13. Scanning electron micrographs corresponding to the scribed plan views of Ca-Al-458 

LDH and Ca-Al-LDH-Mn coatings (a) before the test and (b) after 7 days of immersion in 3.5 wt. 459 

% NaCl solution. Note that in each case EDS analyses have been performed of the general area 460 

comprising the scribe (1), inside the scribe (2), and of the coating outside the scribe (3). 461 

EDS results in Table 7 reveal that, in general, the concentration of Al decreased, while 462 

the O concentration increased after 7 days of immersion. This is related to the formation 463 

of Al (hydr)oxide compounds at the scribe and the coating surface. The presence of Cu 464 
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(from the IMCs) could be to some extent due to the voltage used for the EDS analysis and 465 

the low thickness of the Ca-Al-LDH and Ca-Al-LDH-Mn coatings. 466 

In any case, the Ca-Al-LDH-Mn coating shows a lesser amount of corrosion products in 467 

comparison to the Mn-free coating. A more relevant result is that Mn is detected inside 468 

the scribe after 7 days of immersion (0.3 at. %, point 2 in Table 5), whereas Mn content 469 

notably decreases from 1.1 at. % to 0.2 at. % in the areas surrounding the scribe (Table 470 

7, locations marked as 3 in Figure 13b). 471 

Table 7. EDS (at. %) area analysis of scribed Ca-Al-LDH and Ca-Al-LDH-Mn coatings on 2024 472 

alloy before and after 7 days of immersion in 3.5 wt. % NaCl solution. 473 

Coating Location C O Mg Al Ca Cu Mn 

Ca-Al-LDH 

Before test 

1 34.0 18.0 0.7 46.2 0.1 1.0 - 

2 36.7 4.0 0.9 57.4 - 1.0 - 

3 27.8 19.0 0.7 50.5 0.2 1.8 - 

After 7 days 

1 22.5 46.1 0.4 30.2 - 0.8 - 

2 17.3 50.0 - 30.2 - 2.5 - 

3 19.6 47.0 0.3 32.2 - 0.9 - 

Ca-Al- 

LDH-Mn 

Before test 

1 30.6 21.8 0.7 45.5 - 0.9 0.5 

2 28.3 4.7 1.1 64.6 - 1.3 - 

3 21.6 24.2 0.7 50.5 - 1.9 1.1 

After 7 days 

1 22.9 45.3 0.4 30.4 - 0.8 0.2 

2 16.8 40.0 0.5 41.6 - 0.8 0.3 

3 19.0 25.5 0.8 53.5 - 1.0 0.2 

 474 

The presence of Mn inside the scribe, where there was none before the immersion, 475 

indicates Mn release from the intact coating zones and subsequent precipitation. There 476 

are two possible sources for Mn; (i) partial dissolution of Mn-rich precipitates, such as 477 

the one located in point 2 of Figure 3b; and (ii) release of Mn2+, Mn3+ and, to some 478 

extent, MnO4
− ions from the LDH structure.  479 

To the Authors’ best knowledge, there are no studies in the literature concerning Mn-480 

loaded LDH coatings for corrosion protection of Al alloys. However, some of the features 481 

found in this study are comparable to those reported for scratched Mn-loaded conversion 482 

coatings on 2024-T3 [30] and EV31 alloys [59] after neutral salt spray test (NSST). 483 

Namely, these studies also found Mn-containing products on the scribed surfaces.   484 
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Based on the results obtained in this study and the chemistry of Mn in the studied medium, 485 

the active corrosion protection mechanism in Figure 14 is proposed for the Ca-Al-LDH-486 

Mn system. 487 

 488 

Figure 14. Schematic diagram of the active corrosion protection mechanism for the Ca-Al-LDH-489 

Mn system (3.5 wt. % NaCl solution at pH 6.6 ± 0.2). 490 

According to the Pourbaix diagram of Mn, MnO4
− is a strong oxidizer due to its high 491 

equilibrium potential. Therefore, it is hypothesized that when liberated from the LDH 492 

interlayers, MnO4
− ions will be spontaneously reduced when in contact with the bare Al 493 

substrate in the scribe according to the following reactions (Equations 1 and 2) [32]: 494 

- Cathodic reaction: 495 

 𝑀𝑛𝑂4
− (𝑎𝑞)  + 4𝐻+(𝑎𝑞) + 3𝑒− →  𝑀𝑛𝑂2(𝑠) +  2 𝐻2𝑂                      Eq. (1) 496 

- Anodic reaction: 𝐴𝑙 → 𝐴𝑙3+ + 3𝑒−                Eq. (2) 497 
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Additional electrochemical reactions can further reduce MnO2 to Mn2O3, Mn3O4, MnO, 498 

Mn2+ and Mn(OH)2 [32, 60]. It is known that in permanganate solutions, Mn-rich 499 

products tend to precipitate over cathodic IMCs [3, 31, 32], mainly as MnO2 and 500 

Mn(OH)2 [31, 32].  In other words, MnO4
− typically acts as a cathodic inhibitor. In 501 

addition to the permanganate ions, the presence of Mn2+ could also contribute to the 502 

active protection mechanism. XPS results revealed that the coating surface contains 503 

Mn2+. This could be in the form of deposits (e.g. MnO) or within the LDH structure 504 

replacing Ca2+  ions. Mn2+ liberated from deposits or the LDH structure would be 505 

converted to Mn(OH)2 by a chemical reaction at locations with alkaline pH (i.e. where 506 

the cathodic reaction takes place). Thus, both MnO4
− and Mn2+ could be responsible for 507 

the active protection mechanism. Note that deposits that contain Mn3+ and Mn4+species 508 

would be additional sources of Mn2+ upon reduction. In case of Mn3+, its release from 509 

the LDH structure (where it replaces Al3+) is also a possibility. 510 

Figure 13b shows that rather than isolated Mn-rich deposits over IMCs, a relatively 511 

uniform layer enriched in Al, Mn and O is formed over the entire scribe. In a study with 512 

the alloy AA2024-T351 immersed in 0.05 M NaCl solution with relatively low KMnO4 513 

concentration (0.005 M) it was also found that Mn oxides covered both the intermetallic 514 

particles and the aluminium matrix [32]. As a result, an increased pitting potential was 515 

observed in that study. This ubiquity of Mn products over the IMCs and the aluminium 516 

matrix suggests that Mn-species act as mixed corrosion inhibitor under the studied 517 

conditions.  518 

4. Conclusions 519 

For the first time, in situ growth of a Ca-Al-LDH coating doped with  MnO4
−  was 520 

successfully achieved on the 2024-T3 alloy. The main conclusions can be summarized as 521 

follows:  522 

 The Ca-Al-LDH coating was successfully synthesized on the 2024-T3 alloy by in 523 

situ growth methodology. 524 

 Ca-Al-LDH-Mn coating provided enhanced corrosion protection. Mn was 525 

detected in the LDH coating and as Mn-rich precipitates at the location of 526 

secondary phases. XPS results revealed that Mn was present mainly as Mn2+, 527 

Mn3+ and Mn4+. Traces of Mn7+ were also detected.  528 
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 Mn-loading decreased the hydrophilicity of the coating without compromising its 529 

excellent paintability. 530 

 Corrosion testing of scribed specimens revealed that the incorporation of Mn into 531 

Ca-Al-LDH coating improved the coating stability and resulted in less 532 

degradation in comparison to Ca-Al-LDH coating.  533 

 Active protection corrosion protection is demonstrated for the Ca-Al-LDH-Mn 534 

coating.  The mechanism of inhibition involved the release of Mn species from 535 

the unscribed areas and the subsequent formation of Mn-rich (hydr)oxides at the 536 

coating scribe. 537 

 538 

Taking into account the results presented in this study, Ca-Al-LDH-Mn could be used as 539 

a Cr-free conversion coating for painted components in the aircraft industry. However, 540 

further tests concerning active corrosion protection ability, up-scaling, and mechanical 541 

properties should be implemented in the future. 542 
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