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Abstract 
Effect of aluminate ion loading on the corrosion behavior of layered double hydroxide (LDH) 
coating of Mg-3Al-1Zn (AZ31) alloy was investigated. The corrosion inhibition performance 
of NaAlO2 for AZ31 was examined by immersion and polarization tests. Then, aluminate ion-
loaded LDH (LDHAlO2) was synthesized from hydrotalcite (LDHCO3) and co-deposited with 
magnesium and aluminum double hydroxide on AZ31 by electrophoretic co-deposition. 
Polarization, electrochemical impedance (EI) and wet-dry cyclic corrosion tests were 
conducted on the LDHAlO2- and LDHCO3-coated specimens. Adding 10-50 mmol/L NaAlO2 
to 0.1 mol/L NaCl solution induced a clear passive region on the polarization curves of AZ31 
and shifted the breakdown potential over -1.0 V (Ag/AgCl), indicating the corrosion inhibition 
property of NaAlO2. In the polarization and EI tests, the aluminate ion loading did not 
noticeably enhance the corrosion protection ability of the LDH coating as shown by higher 
quasi-passive current density and lower Rp than without loading. However, in the wet-dry 
corrosion tests, the LDHAlO2-coated AZ31 demonstrated less weight gain and fewer clusters 
of shallow micro-pits, while the LDHCO3-coated AZ31 showed numerous deeper pits on the 
entire surface. It was revealed that loading aluminate ions to the LDH coatings is promising for 
enhancing their corrosion protection ability in atmospheric environments. 
  



Introduction 

Magnesium alloys are attractive light-weight materials for automobiles, aircrafts and so on 

1, 2. However, their practical use is limited by the low corrosion resistance. To overcome this 

issue, various anti-corrosion coatings such as phosphate-based and fluoride-based coatings 

have been developed by various coating methods such as chemical conversion, anodization and 

plating 3, 4. 

As an anticorrosion coating for Mg and Al alloys, layered double hydroxide (LDH) coatings 

are one of the promising coatings. LDH consists of a stacking of basic layers of double 

hydroxides of divalent and trivalent metal ions, with various anions in the interlayer and shows 

an anion exchange property 5. Due to the anion exchange property, LDH is expected to be a 

reservoir of corrosion inhibitors and/or an absorber of chloride ions 6. Then, corrosion inhibitor-

loaded LDH coatings have been developed for Mg and Al alloys and steels to enhance the 

corrosion protection ability and to add self-healing property 6-15. The corrosion inhibitors such 

as MoO4
2-, VO3

-, WO4
2-, phenyl phosphonic acid (PPA), 2-mercaptobenzothiazole (MBT) and 

8-hydroxyquinoline (8HQ) were loaded to the LDH coatings 10-15. Meanwhile, suitable anionic 

corrosion inhibitors for loading to LDH coatings are still in exploration. As a corrosion 

inhibitor for Mg alloys, Na2MoO4 Na2SnO3 and NaVO3 have been proposed 16-21. In addition 

to these, we expect NaAlO2 and KAlO2 to act as a corrosion inhibitor because the oxide film 

containing more than 4% Al shows high corrosion resistance for AZ series Mg alloys 22-24 and 

KAlO2 in the electrolyte deposits to form MgAl2O4 in the anodic oxide film of Mg alloy 25. 

To form the corrosion inhibitor-loaded LDH coatings, generally, LDH coatings with NO3
- 

or CO3
- ions in the interlayer (LDHNO3 or LDHCO3) are formed on the alloys by steam 

treatment, autoclaving, chemical conversion and electrochemical deposition, and then the 

interlayer NO3
- or CO3

- ions are exchanged with anionic inhibitors in aqueous solutions 7-15. 

The electrophoretic co-deposition (EP-co-D) method enables the LDH particles, which are 

pre-loaded with various corrosion inhibitors, to deposit on a variety of metal surfaces together 

with metallic hydroxide 26-28. We therefore employed the EP-co-D method and developed 

composite coatings of LDHCO3 particles and magnesium and aluminum double hydroxide 

(Mg-Al-DH) on Mg-3Al-1Zn (AZ31) alloy 29. Another finding of this previous study was that 

LDHNO3 formed the bottom layer in the EP-co-D coating. Another finding was that submicron 

to micron pores were formed in the EP-co-D layer by H2 gas generated by the electrolysis of 



water in the 80vol% ethanol-20vol% water mixed electrolyte 29. Recently, the water content of 

the electrolyte was decreased to 2.4vol% to reduce the pore formation 30. 

The purpose of this study was to develop a corrosion inhibitor-loaded LDH coating on Mg 

alloys. In this study, first, the effect of NaAlO2 on the corrosion of AZ31 was examined as a 

potential corrosion inhibitor by immersion and polarization tests. Then, aluminate ion-loaded 

LDH (LDHAlO2) was synthesized. The LDHAlO2 particles were electrodeposited on AZ31 

together with Mg-Al-DH by EP-co-D. The corrosion protection behavior of the coatings was 

examined by polarization, electrochemical impedance (EI) and wet-dry cyclic corrosion tests 

because the wet-dry cyclic environment is similar to the service environment of structural 

materials. 

 

Experimental 

Immersion tests of AZ31 in NaCl solution with NaAlO2 

AZ31 (Al 2.9mass%, Zn 1.05mass%, Mn 0.41mass%, Si 0.01mass%, Fe 0.001mass%, Cu 

<0.01mass%, Ni <0.001mass%, Mg Bal.) magnesium alloy plates of 15×15 mm and 2 mm 

thick were used as a specimen. The surface was ground with SiC papers (PSI, USA) up to 

#1200 and ultrasonically rinsed in 2-propanol. The specimen surface was covered with 

TeflonTM tape, leaving a test surface of 1 cm2. 

For immersion tests, 0.1 mol/L NaCl (Fujifilm-Wako) with and without addition of 1–50 

mmol/L NaAlO2 (Fujifilm-Wako) were prepared. The as-polished AZ31 were immersed in 200 

mL of the respective solutions at room temperature for 24 h. The pH of the respective solutions 

and the weight of the specimen were measured before and after the immersion. The appearance 

of the immersed specimen was observed using digital camera. The specimen immersed with 

NaAlO2 was characterized using scanning electron microscope (SEM: Miniscope TM3030Plus, 

Hitachi) and X-ray photoelectron spectroscopy (XPS: PHI 5000 VersaProbe, ULVAC-PHI). In 

the XPS analysis, monochromatized Al Kα radiation (h=1486.6 eV) was adopted as the X-ray 

source, and the pass energy of the spectrometer was set to 23.5 eV. The photoelectron take-off 

angle was 45° and the diameter of the X-ray probe was about 100 m. The binding energies of 

all the spectra were referenced to the C 1s peak at 285 eV. The background subtraction was 

carried out using Shirley’s method. Spectral deconvolution was carried out mathematically 



using a Gaussian-Lorentzian function. 

 

Polarization tests of AZ31 in NaCl solution with NaAlO2 

The surface of AZ31 plates of 15×15 mm was ground and covered with TeflonTM tape in 

the same manner as the specimen for the immersion tests. 200 mL of 0.1 mol/L NaCl with and 

without 10 or 50 mmol/L NaAlO2 solutions at room temperature was used as electrolyte. The 

counter and reference electrodes were a platinum wire and a Ag/AgCl electrode, respectively. 

The specimen was immersed in the electrolyte for 0.5 h to stabilize the open circuit potential 

(OCP). Subsequently the potential of the specimen was swept from a 50 mV lower or higher 

potential than the stabilized OCP in anodic or cathodic direction, respectively, at a sweep rate 

of 1 mV/s, using potentiostat (Interface 1010, Gamry). 

 

Synthesis of aluminate ion-loaded LDH 

The loading of aluminate ion (AlO2
- ion) to LDH was carried out by the reconstruction 

process 31, 32. 5 g of LDHCO3 particles (Mg6Al2(OH)16CO3・4H2O, hydrotalcite, Sigma 

Aldrich) with a diameter of about 1 m was heated at 500°C for 1 h and about 3.2 g of the 

thermal decomposed LDH particles was obtained. Subsequently, the entire thermal-

decomposed LDH powder were suspended in 200 mL of 0.24 mol/L NaAlO2 solution for 24 h 

at room temperature with stirring in a sealed glass vessel. After the 24 h rehydration process, 

the suspension was filtered, rinsed with deionized water and dried at 100°C for about 1 h, and 

about 4.8 g of LDHAlO2 powder was obtained. The as-synthesized LDHAlO2 powder were 

characterized using X-ray diffraction (XRD: D2 Phaser, Bruker) with a tube voltage of 30 kV, 

a tube current of 10 mA, and an increment of 0.02 degrees. To examine the intercalation of 

aluminate ions into LDH, the interlayer water was reduced by heat treatment at 140°C for 10 h 

for the as-synthesized LDHAlO2 and as-received LDHCO3 powders, and then XRD 

measurements were performed. The as-synthesized LDHAlO2 and as-received LDHCO3 

powders were also characterized using diffuse reflectance Fourier transform infrared 

spectroscopy (FTIR: IRTracer-100, Shimadzu) with a resolution of 4 cm-1, confocal Raman 

microscope (inVia Reflex, Renishaw) with a laser of 532 nm wavelength irradiated through a 

50 times objective lens, and SEM (Miniscope TM3030Plus, Hitachi) equipped with energy 



dispersive X-ray spectroscopy (EDS: X-stream-2, Oxford) with an accelerating voltage of 15 

kV, and the results are shown in the supplementary material. Aluminate ion release from 

LDHAlO2 particles in air-exposed pure water was examined using aluminium ion test paper 

(Aluminium Check, ADVANTEC) and the results are shown in the supplementary material. 

 

Composite coating of LDHAlO2 or LDHCO3 particles and Mg-Al DH by EP-co-D 

AZ31 plates of 25×30 mm and 2 mm thick were used as a substrate. The surface was ground 

with SiC papers up to #1200 and ultrasonically rinsed in 2-propanol. Immediately before the 

EP-co-D treatment, the substrate was immersed in 0.25 mol/L C10H14N2Na2O8·2H2O 

(FUJIFILM Wako) solution for 10–20 sec to remove the air formed oxide film. 

An electrolyte of 60 mmol/L Mg(NO3)2·6H2O (FUJIFILM Wako) and 15 mmol/L 

Al(NO3)3·9H2O (FUJIFILM Wako) in 2.4vol% water-2-Propanol was prepared. Subsequently, 

LDHAlO2 or LDHCO3 particles were suspended in the electrolyte at a concentration of 2wt%. 

The suspensions were stirred for several minutes and then ultrasonicated for longer than 0.5 h. 

AZ31 and carbon plates were mounted in an electrochemical cell with a distance of 10 mm 

as the deposition (working) and counter electrodes, respectively. Immediately after immersing 

the electrodes in the suspension, a constant voltage of 100 V was applied between the electrodes 

for 60 s. The EP-co-D specimen was dried at 100°C for 1 h, and then ultrasonicated in 2-

propanol for 60 s to remove weakly glued particles. The weight of the specimens was measured 

before and after the EP-co-D and ultrasonication. The appearance of the specimens was 

observed using digital camera and the surface and cross section were observed using SEM in 

backscattered electron mode. The surface was characterized using XRD and confocal Raman 

microscope. The AZ31 coated with LDHAlO2 and LDHCO3 particles was denoted as 

LDHAlO2-coated and LDHCO3-coated AZ31 specimens, respectively. The as-polished AZ31 

was denoted as uncoated AZ31 in contrast to the coated AZ31. 

 

Polarization and EI tests of LDHAlO2- and LDHCO3-coated AZ31 

Anodic polarization and EI tests were carried out for the LDHAlO2-coated, LDHCO3-coated 

and uncoated AZ31 specimens using potentiostat (SP-50e, Biologic). The counter and reference 

electrodes were a platinum wire and a Ag/AgCl electrode, respectively. The specimen was 

exposed the test surface of 1 cm2 and the surrounding area was coated with epoxy. 200 mL of 



0.1 mol/L NaCl solution at room temperature was used as electrolyte. For the polarization tests, 

the specimen was immersed in the electrolyte for 0.5 h to stabilize OCP, and subsequently the 

potential of the specimen was swept from a 50 mV lower potential than the stabilized OCP in 

anodic direction at a sweep rate of 1 mV/s. For the EI tests, after the static immersion for 0.5 

h, potential perturbation was applied with an amplitude of 5 mV at frequency from 10 MHz to 

50 mHz and 5 points per decade. Equivalent electric circuits were assumed and curve-fitting 

for the measured EI spectra was performed to obtain the values of parameters in the circuits 

using ZView. Three EI tests were carried out for each specimen. 

 

Wet-dry cyclic corrosion tests of LDHAlO2- and LDHCO3-coated AZ31 

Wet-dry cyclic corrosion tests were carried out for the LDHAlO2-coated, LDHCO3-coated 

and uncoated AZ31 specimens. 0.3wt% NaCl-75% ethanol solution was dropped onto the 20

×30 mm test surface to place 1 g/m2 NaCl. Then, the relative humidity around the specimens 

was controlled with one cycle of 8 h at 30%RH, 8 h at 95%RH and 8 h at 30%RH again at 

room temperature, and 14 cycles were repeated. The weight of the specimens before and after 

the corrosion tests was measured for three samples from each specimen. The appearance of the 

specimens was observed using digital camera and the surface and cross section was observed 

using SEM. The surface was characterized using XRD. The coatings in the apparently 

uncorroded area were analyzed using laser Raman spectroscopy. The corrosion products and 

the coatings were chemically removed from one corroded sample from each specimen using 

chromate-AgNO3 solution and the surface topography and morphology were observed using 

one-shot 3D microscope (VR-3100, Keyence) and SEM. 

 

Results 

Immersion tests of AZ31 in NaCl with NaAlO2 

Figure 1 shows the appearance of the as-polished AZ31 surface immersed in the 0.1 mol/L 

NaCl solution with and without NaAlO2, and a back-scattered electron SEM image of the 

surface immersed with 50 mmol/L NaAlO2. The weight gain of the specimens and the pH of 

the solutions before and after immersion are shown in Fig. 2. The weight of Mg alloys generally 

increases by corrosion due to the formation of corrosion products such as Mg(OH)2. As the 



change in surface morphology was evident and the effect of NaAlO2 was clear in the following 

polarization tests, weight measurements after removal of the corrosion products were not 

carried out. 

In the NaCl-only solution, about half of the surface area shows black filiform corrosion, and 

the entire surface is covered by a white corrosion product (Fig. 1(a)). The weight of the 

specimen increases (Fig. 2), and the solution pH increases from 6.1 to 9.2. The weight gain in 

the NaCl-only solution shows large variation, which is due to the loss of some of the corrosion 

products during rinsing and drying. 

The addition of 1 mmol/L NaAlO2 decreases the filiform corrosion area (Fig. 1(b)). No 

obvious corrosion is observed with 10 and 50 mmol/L NaAlO2 (Fig. 1(c) and (d)). The SEM 

image with 50 mmol/L NaAlO2 shows no obvious corrosion except for dark contrast spots of 

5-30 m mainly around Al-Mn inclusions (bright contrast grains) (Fig. 1(e)). The weight gain 

decreases with an increase of NaAlO2 addition (Fig. 2). The pH of the NaCl solution with 1-50 

mmol/L NaAlO2 is 9.6, 10.9 and 11.7, respectively, which does not significantly change after 

the immersion. 

Figure 3(a) shows the XPS survey spectra of the AZ31 specimen as-polished and immersed 

with 10 and 50 mmol/L NaAlO2. The photoelectron peaks from magnesium (Mg), aluminum 

(Al), silicon (Si), chlorine (Cl), oxygen (O), and carbon (C) are observed. Cl is derived from 

contaminated or residual NaCl.  

Figure 3(b)-(e) shows the XPS narrow spectra of the C 1s, O 1s, Al 2p, Mg 2p and Zn 2p3 

regions. The C 1s spectra (Fig. 3(b)) are decomposed into two peaks originating from C-C bond 

and carbonate. The carbonate peak is derived from magnesium carbonate formed from 

atmospheric CO2. The O 1s spectra (Fig. 3(c)) are decomposed into two peaks from MgO and 

Al2O3+Mg(OH)2. The MgO peak position is shifted by about 0.5 eV after immersion compared 

to that of the as-polished AZ31, which is attributed to the effect of adsorbed water. 

The Al 2p spectra (Fig. 3(d)) of the AZ31 immersed with NaAlO2 show a peak from Al2O3, 

and that of the as-polished AZ31 is decomposed into peaks from metallic Al and Al2O3. The 

intensity of Al2O3 peak of the specimens with NaAlO2 is significantly higher than that of the 

as-polished AZ31, indicating that an Al2O3 film is formed in the solution with NaAlO2. The 

Mg 2p spectrum (Fig. 3(e)) of the as-polished AZ31 is decomposed into two peaks from 



metallic Mg and MgO and/or Mg(OH)2, while that with NaAlO2 shows a peak from MgO 

and/or Mg(OH)2. The intensity of the Mg 2p spectra of the specimens with NaAlO2 is lower 

than that of the as-polished AZ31, indicating a decrease in the magnesium fraction in the 

surface oxide film. Although the C 1s spectra indicates the presence of slight amount of MgCO3, 

no distinct peak from MgCO3 is observed in Mg 2p spectra. The Zn 2p3 spectra (Fig. 3(f)) of 

the specimens with NaAlO2 show a peak derived from zinc oxide, while that of the as-polished 

AZ31 does not show any peak. These results indicate that after immersing in the NaCl solution 

with NaAlO2, a relatively thick Al2O3 film with a small fraction of MgO/Mg(OH)2 was formed. 

 

Polarization tests of AZ31 in NaCl with NaAlO2 

Figure 4 shows the anodic and cathodic polarization curves of AZ31 in the 0.1 mol/L NaCl 

solution with and without NaAlO2. The anodic polarization curves show a constant current 

density and a breakdown potential. The constant current density decreases by 100 times to be 

a passive current density of 3×10-7 Aꞏcm-2 with 10 and 50 mmol/L NaAlO2. The breakdown 

potential drastically increases from -1.35 V (vs. Ag/AgCl) to -1.15 V with 10 mmol/L NaAlO2. 

No breakdown potential appears in the potential region to -1.0 V with 50 mmol/L NaAlO2. The 

cathodic current density decreases by 100 times with NaAlO2. It is demonstrated that NaAlO2 

suppresses the cathodic and anodic reactions on AZ31. 

 

Synthesis of aluminate ion-loaded LDH 

Figure 5 shows the wide-range XRD patterns of the as-synthesized LDHAlO2 and as-

received LDHCO3 powders and the 140°C-treated LDHAlO2 and LDHCO3 powders, and the 

magnified diffraction peaks from LDH 003 plane ((003)LDH). The as-received and 140°C-

treated LDHCO3 powders show a typical XRD pattern of LDH structure of hydrotalcite 

(JCPDS card 22–700). The as-synthesized and 140°C-treated LDHAlO2 powders show broad 

diffraction peaks from LDH structure with relatively low intensity, small diffraction peaks from 

Al(OH)3 (boehmite) 33 and a slight peak from thermally decomposed LDH. Al(OH)3 is 

insoluble in aqueous solutions at room temperature. Thus, the as-synthesized LDHAlO2 

powder was used for the EP-co-D. 

The position of the (003)LDH peak of the as-synthesized LDHAlO2 is 11.52 degrees which is 

similar to 11.56 degrees of LDHCO3 (Fig. 5(b)). The intercalation of aluminate ions to 



LDHAlO2 could not be determined from this peak position. The 140°C-treatment shifts the 

(003)LDH peak of the LDHAlO2 to the higher angle side of 12.25 degrees, whereas that does 

not change the (003)LDH peak position of the LDHCO3. 

 

Composite coating of LDHAlO2 or LDHCO3 particles and Mg-Al-DH 

Figure 6 shows the optical and SEM images of the surface of the LDHAlO2- and LDHCO3-

coated AZ31 specimens after ultrasonication. The LDHAlO2 and LDHCO3 coatings cover the 

surface uniformly (Fig. 6(a) and (b)) but show cracking under SEM observation (Fig. 6(c) and 

(d)). The weight of the LDHAlO2 coating was 6.8±0.9 mg that was smaller than 8.2±1.4 mg of 

the LDHCO3 coating. The magnified SEM images of the coatings show that LDH particles are 

glued with gel-like dark contrast substance, which was attributed to Mg-Al-DH by the 

following XRD analysis (Fig. 6(e) and (f)). A tiny amount of Al(OH)3 needle-shaped particles 

is deposited in the LDHAlO2 coating. The magnified SEM images of the substrate exposed 

inside coating cracks show that the gel-like Mg-Al-DH and LDH particles densely cover the 

substrate surface (Fig. 6(g) and (h)).  

Figure 6(i) and (j) shows the cross section of the LDHAlO2- and LDHCO3-coated AZ31 

specimens after ultrasonication. The thickness of the coating layer was not uniform, and the 

coating in Fig. 6(i) appears thicker than in (j), but this does not necessarily the case for the 

entire coating. The cross-sectional SEM images show that the LDHAlO2 coating is coarser than 

the LDHCO3 coating (Fig. 6(i) and (j)). The LDHCO3 coating shows that the gel-like Mg-Al-

DH deposits preferentially at the bottom of the coating to form a dense inner layer (Fig. 6 (j)) 

as previously reported 29. Such a preferential deposition of the gel-like Mg-Al-DH at the bottom 

of the LDHAlO2 coating is not significant on the cross-sectional image, but the formation of 

the thin dense inner layer is suggested by the surface observation (Fig. 6(i) and (g)). 

Figure 7(a) shows the wide-range XRD patterns of the LDHAlO2- and LDHCO3-coated 

AZ31 specimens after ultrasonication. The diffraction peaks from LDH and substrate AZ31 are 

observed for both specimens, and a very small peak from -Al(OH)3 is observed for the 

LDHAlO2-coated AZ31. Additionally, broad peaks are observed at around 18‒19 degrees and 

32‒40 degrees which correspond to 18.649 degrees and 38.0154 degrees of brucite Mg(OH)2 

(JCPDS card No. 00-44-1482), respectively. The magnified (003)LDH peaks (Fig. 7(b)) are 



asymmetrical owing to a shoulder peak on the lower angle side which is attributed to LDHNO3 

as reported in our previous work 29. Formation of LDHNO3 is also suggested by the result that 

it was formed in the Mg(NO3)2 and Al(NO3)3 electrolyte without LDH particles by 

electrodeposition as shown in Fig. S3. Thus, the gel-like substance with dark contrast in the 

SEM images (Fig. 6) was attributed to Mg-Al-DH with brucite structure, which should have 

been a precursor to LDHNO3. 

 

Polarization and EI behavior of LDHAlO2- and LDHCO3-coated AZ31 

Figure 8(a) shows the anodic polarization curves of the LDH-coated and uncoated AZ31 

specimens in the 0.1 mol/L NaCl solution. The LDHAlO2- and LDHCO3-coated AZ31 

specimens show a quasi-passive current density of about 1×10-5 A cm-2 and 5×10-6 A cm-2, 

respectively. These are less than half of the constant current density of 3×10-5 A cm-2 of the 

uncoated AZ31. The breakdown of the LDHAlO2- and LDHCO3-coated AZ31 surfaces does 

not occur in this potential range up to -1 V. 

Figure 8(b) and (c) shows the Nyquist and Bode plots of EI spectra of the LDH-coated and 

uncoated AZ31 specimens in the 0.1 mol/L NaCl solution. The LDH-coated AZ31 specimens 

apparently show one capacitive semi-circle on the Nyquist plots and one peak at around 40 Hz 

on the phase shift curves, so an equivalent electric circuit shown in Fig. 8(d) was assumed. Rs 

represents the solution resistance. Rcoat and CPEcoat represent the resistance and constant phase 

element (CPE) of the LDH coatings, respectively. The CPE was used instead of the capacitance 

due to the porous structure of the LDH coatings. The uncoated AZ31 shows two semi-circles 

on the Nyquist plot and two peaks at around 80 Hz and 2×10-1 Hz on the phase shift curves, so 

an equivalent circuit shown in Fig. 8(e) was assumed. The magnified 2×10-1 Hz peak is shown 

as an inset in Fig. 8(c). Rfilm and CPEfilm represent the resistance and of the surface oxide film, 

respectively. Rct and CPEdl represent the charge transfer resistance and CPE of electric double 

layer, respectively. Curve fitting was performed, and the fitted curves are shown in Fig. 8(b) 

and (c). The obtained corrosion parameters are summarized in Table 1. The polarization 

resistance (Rp) of the uncoated AZ31 was estimated using the Eq. (1) and shown in Table 1 and 

Fig. 8(f). 
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The Rp of the LDH-coated AZ31 specimens is more than twice as high as that of the uncoated 

AZ31. The Rp of the LDHAlO2-coated AZ31 is slightly lower than that of the LDHCO3-coated 

AZ31. The Rcoat values of the LDH-coated specimens are higher than the Rfilm of the uncoated 

specimen. The CPE-T values, roughly corresponding to capacity of the surface layer, are 

comparable for the LDH-coated and uncoated AZ31 specimens and the CPE-P values are 

similar between the specimens. 

 

Wet-dry cyclic corrosion behavior of LDHAlO2- and LDHCO3-coated AZ31 

Figure 9 shows the weight gain of the LDH-coated and uncoated AZ31 specimens after the 

wet-dry cyclic corrosion tests. The weight measurement after removal of the coating and 

corrosion products was not performed because the difference in the weight gain and corrosion 

morphology between specimens was evident. The weight gain of the LDH-coated AZ31 

specimens is significantly smaller than the uncoated AZ31, and that of the LDHAlO2-coated 

AZ31 is smaller than that of the LDHCO3-coated AZ31. 

Figure 10(a)-(f) shows the optical images of the specimens after the corrosion tests. Figure 

10(g) and (h) shows the SEM images of the white dots arrowed in the optical images and 

reveals that the dots are corrosion sites or pits. Almost the entire surface of the uncoated AZ31 

is colored in brown and covered with micrometer-sized corrosion pits, and some of them grow 

to millimeter-sized pits (Fig. 10(f)). The LDHAlO2-coated AZ31 shows small number of 

micrometer- to millimeter-sized corrosion sites (Fig. 9(a) and (d)), and the LDHCO3-coated 

AZ31 shows a lot of micrometer-sized corrosion pits on the entire surface (Fig. 9(b) and (e)). 

Figure 10(i) and (j) shows the magnified coating layer in apparently uncorroded area. Figure 

10(k) and (l) shows the cross-sectional SEM images. The LDHAlO2 coating in the apparently 

uncorroded area remains almost original morphology. Both the LDH coatings show amorphous 

substance between particles, and the amount of amorphous substance deposited in the LDH 

AlO2 coating appears to be smaller than that in the LDHCO3 coating. 

Figure 11 shows the wide-range XRD patterns and magnified (003)LDH peak of the 

specimens after the corrosion tests. The corroded LDHAlO2-coated AZ31 shows diffraction 

peaks from LDH and substrate AZ31, and no obvious peaks from corrosion products are 

observed. The corroded LDHCO3-coated AZ31 shows peaks from LDH, substrate AZ31 and a 



corrosion product of dypingite (Mg5(CO3)4(OH)2·5H2O). The corroded uncoated AZ31 shows 

broad peaks from LDH and dypingite in addition to those from substrate AZ31. The position 

of (003)LDH peak of the corroded LDH-coated specimens is 11.60 degrees which does not 

apparently change from that of the as-coated specimens (Fig. 7). 

To examine the change of the interlayer anions of LDH due to corrosion, the coatings before 

and after the corrosion tests were analyzed using Raman spectrometer. The vibrational region 

of interlayer anions from 1000 to 1150 cm-1 34-37 is shown in Fig. 12. For the specimens after 

the corrosion tests, the coatings in a visually uncorroded area were analyzed. The area without 

needle-shaped particles was defined as the analysis area for the LDHAlO2 coating. 

The LDHAlO2 coating after the corrosion test shows a peak at 1051 cm-1, a tiny peak at 1067 

cm-1 and a broad peak at 1101 cm-1, while the as-prepared LDHAlO2 coating shows a relatively 

large peak at 1045 cm-1 and broad shoulder peaks at around 1058 cm-1 and small peaks at 1088 

and 1109 cm-1. The peak at 1045 cm-1 is generally attributed to interlayer NO3
- ions of LDH 38. 

The peak at around 1060 cm-1 is presumably attributed to interlayer AlO2
- and CO3

2- ions, as 

the peak at around 1060 cm-1 is attributed to the symmetric stretching vibrations of interlayer 

CO3
2- ions of Mg-Al-LDHCO3 34-37 and the peaks near 1056 and 1068 cm-1 are attributed to Al-

O bending mode of -Al(OH)3 39, 40. The peaks at 1087 and around 1100 cm-1 are attributed to 

free CO3
- ions 37 and CO3

2- symmetric stretching vibrations in magnesite (MgCO3) 37, 

respectively. The relative intensity of the 1045 and 1060 cm-1 peaks to the 1085 and 1100 cm-

1 peaks decreases after the corrosion test, indicating that the interlayer NO3
- and AlO2

- ions 

were exchanged with CO3
2- ions. 

The LDHCO3 coating after the corrosion shows the peaks at 1050, 1063, 1090 and 1122 cm-

1. The as-prepared LDHCO3 coating shows the peaks at 1045, 1061 and 1086 cm-1. The relative 

intensity of the 1045 cm-1 peak to the 1060 cm-1 peak decreases after the corrosion, indicating 

the anion exchange between interlayer NO3
- and CO3

2- ions. The 1123 cm-1 peak is attributed 

to CO3
2- stretching vibrations in dypingite 36, 41. 

Figure 13 shows the optical, SEM and topography images and the corresponding line profiles 

after removing the coatings and corrosion products. The corrosion site and pit arrowed in Fig. 

13(a) and (b) corresponds to those in the SEM images of Fig. 13(c) and (d), respectively and 

to the white dots arrowed in Fig. 10(a) and (b), respectively. The LDHAlO2-coated AZ31 in 

Fig. 10(a) shows several corrosion sites with a diameter of 0.5-1.5 mm where a lot of shallow 



micro-pits with a depth of a few micrometers are clustered as shown in Fig. 13(a), (c), (e) and 

(g). Outside of the micro-pits clustering areas, almost no corrosion is observed as shown in Fig. 

13(e). The LDHCO3-coated AZ31 in Fig. 10(b) shows many micro-pits on the entire surface 

and sometimes shows larger pits with a depth of about 10 m as shown in Fig. 13(b), (d), (f), 

(h) and (i). 

 

Discussion 

Synthesis of LDHAlO2 by reconstruction process 

The addition of NaAlO2 in NaCl solution led to the formation of a relatively thick Al2O3 film 

on AZ31 and the significant improvement of the corrosion resistance of AZ31 as shown by the 

decrease in weight gain in the immersion tests and the clear passive region on the polarization 

curves (Figs. 1-4). These facts demonstrated the corrosion inhibition property of NaAlO2. 

Therefore, aluminate ions were loaded to LDH as a corrosion inhibitor. 

The as-synthesized LDHAlO2 showed the (003)LDH diffraction peak at almost the same 

position as the as-received LDHCO3 (Fig. 5). However, the intercalation of aluminate ions into 

the synthesized LDHAlO2 cannot be denied solely by the XRD measurements because the 

(003)LDH peak position depends not only on the type of the interlayer anions but also on the 

orientation of the interlayer anions 42. Other anions that could be present at the interlayer of 

LDH besides aluminate ions are CO3
2-  and OH- ions. The presence of CO3

2- ions was suggested 

by the Raman results, so that the as-synthesized LDHAlO2 powder could contain LDHCO3. In 

the case of LDH hydroxide with interlayer OH- ions, the (003)LDH peak was shifted by 250°C-

treatment but recovered its original position in a few minutes in air 43. On the other hand, the 

(003)LDH peak position of the as-synthesized LDHAlO2 irreversibly shifted by the 140°C-

treatment, indicating that the interlayer anions were not OH- ions. 

As mentioned above, the position shift of the (003)LDH diffraction peak of LDHAlO2 to the 

higher angle after the 140°C-treatment (Fig. 5) indicated that anions other than CO3
2- and OH- 

ions were intercalated into the as-synthesized LDHAlO2 and these are circumstantially 

aluminate ions. It was reported that the interlayer water in the Mg-Al- and Mg-Fe-LDH 

desorbed over 130°C 44; however, the loss of interlayer water did not lead to the change in 

XRD pattern of LDH 45. Thus, the position shift of the (003)LDH peak was not attributed to the 

desorption of interlayer water. 



The interlayer spacing of the LDHAlO2 decreased by the 140°C-treatment. Then, during the 

heat treatment at 140°C, it is supposed that the reactions between aluminate ions (AlO2
-) and 

interlayer water described in Eq. (2) and (3) occur at the interlayer. 

 

ሺ𝐴𝑙𝑂ଶ
ିሻ௜௡௧௘௥௟௔௬௘௥ ൅ 2ሺ𝐻ଶ𝑂ሻ௜௡௧௘௥௟௔௬௘௥ → 𝐴𝑙ሺ𝑂𝐻ሻଷ ൅ 𝑂𝐻ି (2) 

ሺ𝐴𝑙𝑂ଶ
ିሻ௜௡௧௘௥௟௔௬௘௥ ൅ ሺ𝐻ଶ𝑂ሻ௜௡௧௘௥௟௔௬௘௥ → 𝐴𝑙𝑂ሺ𝑂𝐻ሻ ൅ 𝑂𝐻ି (3) 

 

According to the EDS analysis of the as-synthesized LDHAlO2 and as-received LDHCO3 

powders, the relative atomic concentration ratio of Mg to Al of the LDHAlO2 was 1.7±0.0 

which was lower than 2.1±0.0 of the LDHCO3 (Fig. S1 and Table S1 in supplementary 

material). The Raman spectra of the as-synthesized LDHAlO2 and the LDHAlO2 coating 

showed the peak being attributed to Al-O bending mode although this peak was also attributed 

to CO3
2- ions (Fig. S3 and Fig. 12(a)). These results indicate that aluminate ions were loaded 

to LDH either at the interlayer and/or outer surface. From the whole, it was presumed that the 

synthesized LDHAlO2 powder was a mixture of LDH with aluminate ions at the interlayer and 

outer surface, LDHCO3 and the thermally decomposed LDH. 

 

Formation of LDHAlO2 and Mg-Al-DH composite coating 

The composite coating of LDHAlO2 or LDHCO3 particles and Mg-Al-DH was formed by 

the EP-co-D in the similar manner to the previous work 29. The LDHAlO2 coating was coarser 

than the LDHCO3 coating as shown in Fig. 6(i) and (j). This is presumably because the 

LDHAlO2 particles agglomerated during the rehydration procedure which disturbed the dense 

deposition of LDH particles. However, the reasons for the difference in the coating morphology 

depending on the composition of LDH are a future subject. 

The deposition of Mg-Al-DH with low crystallized brucite structure was shown by the broad 

diffraction peaks around 18 and 35 degrees (Fig. 7) corresponding to brucite. The amount of 

Mg-Al-DH appeared to be smaller in the LDHAlO2 coating than in the LDHCO3 coating, which 

is indicated by the cross-sectional observation and the smaller coating weight. However, the 

Mg-Al-DH covered the substrate surface with LDH particles as shown at the crack bottom of 

the coatings (Fig. 6), and the coatings could show the corrosion protection performance. A part 



of the Mg-Al-DH with brucite structure should have been transformed to LDHNO3 as indicated 

by the shoulder peak at lower angle side of the (003)LDH diffraction peak, the Raman peak at 

1045 cm-1 38 (Fig. 7 and 12), and the LDHNO3 formation in the electrolyte without LDH 

particles (Fig. S8). The LDHNO3 could be formed at the bottom of the coating, since the 

LDHNO3 was present at the bottom of the composite coating formed in the suspension with 

higher portion of water 29. 

 

Corrosion protection ability of LDHAlO2 and Mg-Al-DH composite coating in aqueous 

solution 

In the polarization and EI tests in the aqueous solution (Fig. 8), the LDH coatings exhibited 

the barrier property as shown by the decrease in the constant current density, the suppression 

of the surface breakdown in the potential range up to -1 V and the higher Rp, in comparison to 

the uncoated AZ31. 

The Nyquist and Bode plots of the LDH-coated AZ31 specimens showed the presence of 

one time constant (Fig. 8(b) and (c)). The LDH-coated and uncoated specimens showed the 

comparable CPE-T values, but the Rcoat values of the LDH-coated specimens were higher than 

the Rfilm of the uncoated specimen. These results indicate that the layer that exhibited capacitive 

property in the LDH coatings was qualitatively different from that on the uncoated surface. 

Here, the LDH coatings showed a dense inner layer consisting of mainly Mg-Al-DH, LDHNO3, 

and LDH particles (Figs. 6 and 7), which presumably exhibited capacitive property. The 

LDHAlO2 coating with the thinner inner layer showed the higher quasi-passive current density 

and the lower Rp than the LDHCO3 coating with the thicker inner layer (Figs. 6 and 8). These 

facts indicate that the barrier property of the LDH coatings depended on the dense Mg-Al-DH 

inner layer. Also, it is suggested that the composite coatings can be thinned to show corrosion 

protection. 

The suppression of the LDH coating breakdown can be attributed to the Cl- absorption of 

LDHAlO2 and LDHNO3 by anion-exchange in addition to the barrier property of the coatings. 

The anion exchange between Cl- and NO3
- ions of LDHNO3 can be expected because the order 

of anion selectivity of LDH is determined approximately by the magnitude of the charge 

density of the anions and the ion-exchange equilibrium constant of Cl- ion is higher than that 

of NO3
- ion 46. 



Here, the quasi-passive current density of the LDH-coated AZ31specimens was higher than 

that of the as-polished AZ31 in NaAlO2-added NaCl solution (Fig. 4 and 8(a)), indicating that 

the barrier property of the LDH coatings was lower than the Al2O3 film formed by AlO2
- ion 

adsorption. The Al2O3 film was thinner but less defective than the LDH coatings. It was found 

that the coating with less defects can exhibit higher barrier ability than the defective coating in 

short duration tests like the polarization test. 

 

Corrosion protection ability of LDHAlO2 and Mg-Al-DH composite coating in atmospheric 

corrosion environment 

In the wet-dry cyclic corrosion tests, the LDH coatings significantly suppressed the corrosion 

of AZ31 as can be seen from the remarkable decrease in the weight gain and the much fewer 

corrosion sites comparing to the uncoated AZ31 (Figs. 9, 10 and 13). Furthermore, the higher 

corrosion protection ability of the LDHAlO2 coating than the LDHCO3 coating was 

demonstrated by the smaller weight gain and the smaller number of corrosion sites with the 

shallower corrosion pits (Figs. 9, 10 and 13). No corrosion was observed outside of the 

corrosion sites on the LDHAlO2-coated AZ31 (Figs. 10 and 13). The smaller number of 

corrosion sites of the LDHAlO2-coated AZ31 suggests the anion exchange between Cl- and 

aluminate ions of LDHAlO2 5, 46 suppressed the corrosion initiation and/or promptly repaired 

the initiating corrosion pits. The anion exchange between Cl- and NO3
- ions of LDHNO3 should 

also have contributed to the suppression of the corrosion initiation, which was common to the 

LDHAlO2 and LDHCO3 coatings. Therefore, the corrosion mechanisms shown in Fig 14 are 

assumed for the LDHAlO2- and LDHCO3-AZ31 specimens under the wet-dry cyclic corrosion 

tests. The details of the role of the anion exchange property of LDHAlO2 in repairing corrosion 

sites is a matter for further study. When the specimens were wet, corrosion initiated by Cl- ions 

at defects in the LDH coatings and corrosion products precipitated. The corrosion initiation of 

the LDHAlO2-coated AZ31 was suppressed because a part of Cl- ions were absorbed by 

LDHAlO2 and LDHNO3 by the anion exchange. Then, the released aluminate ions could 

precipitate with the corrosion products and repaired the initiating corrosion pits. On the 

LDHCO3-coated AZ31, corrosion initiated more frequently and the initiated corrosion pits 

could grow. When the specimens were dry, the corrosion products with and without aluminate 

ions were matured to show a certain corrosion protectiveness. 



 

Conclusions 

The effect of aluminate ion loading on the corrosion protection property of the LDH coating 

was investigated. The corrosion inhibition performance of NaAlO2 on AZ31 was investigated 

as a potential corrosion inhibitor by the immersion and polarization tests and XPS analysis. 

Aluminate-ion loaded LDH (LDHAlO2) was synthesized from LDHCO3 by the reconstraction 

process and co-deposited with Mg-Al-DH on AZ31 by the EP-co-D method. The corrosion 

behavior of the LDHAlO2- and LDHCO3-coated AZ31 specimens was examined by the 

polarization, EI and wet-dry cyclic corrosion tests. The following findings were derived. 

1) NaAlO2 showed corrosion inhibition property for AZ31 by forming the Al2O3 film at the 

addition of 10 mmol/L or more in the 0.1 mol/L NaCl solution. The addition of 50 mmol/L 

NaAlO2 decreased the constant current density by a factor of 100 and significantly shifted the 

breakdown potential from -1.35 V to over -1.0 V.  

2) The composite coatings of LDHAlO2 or LDHCO3 particles and Mg-Al-DH showed a dense 

inner layer consisting of mainly Mg-Al-DH, LDH particles and LDHNO3. The dense inner 

layer of the LDHAlO2 coating was thinner than that of the LDHCO3 coating. 

3) The LDHAlO2 and LDHCO3 coatings showed a barrier property due to the dense inner layer 

in the polarization and EI tests in the 0.1 mol/L NaCl solution. The LDH-coated AZ31 

specimens exhibited the constant current density less than half of the uncoated AZ31 and more 

than double the Rp. The LDH-coated AZ31 specimens did not show breakdown on the 

polarization curves in the potential region up to -1.0 V. 

4) The LDHAlO2-coated AZ31 showed higher corrosion resistance than the LDHCO3-coated 

AZ31 in the wet-dry cyclic corrosion tests. The former showed the weight gain less than half 

of the latter, and the corrosion pits were fewer and shallower. The aluminate ion loading to 

LDH coating was effective to enhance the corrosion protection ability of the LDH coatings in 

the atmospheric environment. 
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Table and Figure Captions  

 

Table 1. Corrosion parameters obtained by curve fitting using equivalent electric circuits shown 

in Fig. 8(c) and (d).  

 

Figure 1. (a)-(d) Optical images of AZ31 immersed in 0.1 mol/L NaCl solution supplemented 

with (a) 0 mmol/L, (b) 1 mmol/L, (c) 10 mmol/L, and (d) 50 mmol/L NaAlO2. (e) SEM image 

of AZ31 immersed with 50 mmol/L NaAlO2. 

 

Figure 2. (a) Weight gain of AZ31 after immersion in 0.1 mol/L NaCl solution supplemented 

with and without NaAlO2 and (b) pH of the solution before and after immersion of AZ31. 

 

Figure 3. (a) XPS survey spectra obtained from surface of AZ31 immersed in 0.1 mol/L NaCl 

solution with 10 and 50 mmol/L NaAlO2 and as-polished AZ31. XPS narrow spectra of (b) C 

1s, (c) O 1s, (d) Al 2p, (e) Mg 2p and (f) Zn 2p3 regions of (i) AZ31 immersed with 50 mmol/L 

NaAlO2, and (ii) AZ31 immersed with 10 mmol/L NaAlO2 and (iii) as-polished AZ31. 

 

Figure 4. (a) Cathodic and (b) anodic polarization curves of AZ31 in 0.1 mol/L NaCl solution 

supplemented with (i) 0mmol/L, (ii) 10 mmol/L and (iii) 50 mmol/L NaAlO2. 

 

Figure 5. (a) Wide range XRD patterns and (b) magnified (003)LDH peak of (i) as-synthesized 

and (ii) 140°C-treated LDHAlO2 particles and (iii) as-received and (iv) 140°C-treated 

LDHCO3 particles.  

 

Figure 6. (a) and (b) Optical and (c)-(j) SEM images of (a), (c), (e), (g) and (i) LDHAlO2-

coated and (b), (d), (f), (h) and (j) LDHCO3-coated AZ31 formed by EP-co-D followed by 

ultrasonication. (c) and (d) low magnification surface images, high magnification surface 

images of (e) and (f) coating and (g) and (h) substrate exposed in a crack in coating, and (i) and 

(j) cross-section images. 

 

Figure 7. (a) Wide range XRD patterns and (b) magnified (003)LDH peak of (i) LDHAlO2-



coated and (ii) LDHCO3-coated AZ31 formed by EP-co-D followed by ultrasonication. 

 

Figure 8. (a) Anodic polarization curves and (b) Nyquist and (c) Bode plots of EI spectra of 

LDHAlO2-coated, LDHCO3-coated and uncoated AZ31 in 0.1 mol/L NaCl solution. Assumed 

equivalent electric circuits for (d) LDHAlO2- and LDHCO3-coated AZ31 and (e) uncoated AZ, 

and (f) Rp values obtained by curve fitting. 

 

Figure 9. Weight gain of LDHAlO2-coated, LDHCO3-coated and uncoated AZ31 after wet-dry 

cyclic corrosion tests. 

 

Figure 10. (a)-(f) Optical (g)-(l) SEM images of LDHAlO2-coated, LDHCO3-coated and 

uncoated AZ31 after wet-dry corrosion tests. (a), (d), (g), (i) and (k) LDHAlO2-coated, (b), (e), 

(h), (j) and (l) LDHCO3-coated and (c) and (f) uncoated AZ31. (b), (e) and (f) are magnified 

images of arrowed area on (a), (b) and (c) images, respectively. (g) and (h) magnified images 

of a corrosion area. (i) and (j) magnified images of coating in apparently uncorroded area. (k) 

and (l) cross-section images. 

 

Figure 11. (a) Wide range XRD patterns and (b) magnified (003)LDH peak of (i) LDHAlO2-

coated, (ii) LDHCO3-coated and (iii) uncoated AZ31 after wet-dry cyclic corrosion tests. 

 

Figure 12. Raman spectra of (a) LDHAlO2 and (b) LDHCO3 coatings (i) before and (ii) after 

wet-dry cyclic corrosion tests. 

 

Figure 13. (a) and (b) Optical images, (c) and (d) SEM images of corroded areas indicated by 

an arrow on the optical images, and (e) and (f) topography images corresponding to (a) and (b) 

images. (g)-(i) Profiles of line 1)-3) on images (e) and (f). (a), (c), (e) and (g) LDHAlO2-coated 

AZ31 and (b), (d), (f), (h) and (i) LDHCO3-coated AZ31 after wet-dry cyclic corrosion tests, 

after removing corrosion product and coating layer. 

 
Figure 14. Assumed corrosion mechanisms of (a) LDHAlO2- and (b) LDHCO3-coated AZ31 
in wet-dry corrosion environment.   



 

 

 

 

Table 1. Corrosion parameters obtained by curve fitting using equivalent electric circuits shown 

in Fig. 8(c) and (d). 

 
Rs  

/ ꞏcm2 

Rcoat  
or 

Rfilm  
/ kꞏcm2 

CPEcoat-T 
or 

CPEfilm-T 
/ F sP-1ꞏcm2 

CPEcoat-P 
or 

CPEfilm-P 
/ - 

Rct  
/ kꞏcm2 

CPEdl-T  
/ mF sP-

1ꞏcm2 
CPEdl-P  

/ - 
Rp  

/ kꞏcm2 
LDHAlO2-

coated AZ31 53±2.6 8.6±0.5 8.1±0.9 0.94±0.00 - - - 8.6±0.5 

LDHCO3-
coated AZ31 41±2.1 11±1.4 12±4.1 0.91±0.04 - - - 11.0±1.4 

Uncoated 
AZ31 47±3.8 2.1±0.4 9.6±1.0 0.94±0.00 0.98±0.17 1.1±0.2 0.80±0.01 3.0±0.6 

 

  



 

 

 

 

Figure 1. (a)-(d) Optical images of AZ31 immersed in 0.1 mol/L NaCl solution supplemented 

with (a) 0 mmol/L, (b) 1 mmol/L, (c) 10 mmol/L, and (d) 50 mmol/L NaAlO2. (e) SEM image 

of AZ31 immersed with 50 mmol/L NaAlO2. 

  



 

 

 

 
Figure 2. (a) Weight gain of AZ31 after immersion in 0.1 mol/L NaCl solution supplemented 

with and without NaAlO2 and (b) pH of the solution before and after immersion of AZ31. 

  



 

 

 
Figure 3. (a) XPS survey spectra obtained from surface of AZ31 immersed in 0.1 mol/L NaCl 
solution with 10 and 50 mmol/L NaAlO2 and as-polished AZ31. XPS narrow spectra of (b) C 
1s, (c) O 1s, (d) Al 2p, (e) Mg 2p and (f) Zn 2p3 regions of (i) AZ31 immersed with 50 mmol/L 
NaAlO2, and (ii) AZ31 immersed with 10 mmol/L NaAlO2 and (iii) as-polished AZ31.  



 

 

 

 

Figure 4. (a) Cathodic and (b) anodic polarization curves of AZ31 in 0.1 mol/L NaCl solution 

supplemented with (i) 0 mmol/L, (ii) 10 mmol/L and (iii) 50 mmol/L NaAlO2. 

  



 

 

 

 

Figure 5. (a) Wide range XRD patterns and (b) magnified (003)LDH peak of (i) as-synthesized 

and (ii) 140°C-treated LDHAlO2 particles and (iii) as-received and (iv) 140°C-treated 

LDHCO3 particles.  

 

  



 

Figure 6. (a) and (b) Optical and (c)-(j) SEM images of (a), (c), (e), (g) and (i) LDHAlO2-

coated and (b), (d), (f), (h) and (j) LDHCO3-coated AZ31 formed by EP-co-D followed by 

ultrasonication. (c) and (d) low magnification surface images, high magnification surface 

images of (e) and (f) coating and (g) and (h) substrate exposed in a crack in coating, and (i) and 

(j) cross-section images.   



 

 

 

 

Figure 7. (a) Wide range XRD patterns and (b) magnified (003)LDH peak of (i) LDHAlO2-

coated and (ii) LDHCO3-coated AZ31 formed by EP-co-D followed by ultrasonication. 

  



 

 

 

Figure 8. (a) Anodic polarization curves and (b) Nyquist and (c) Bode plots of EI spectra of 

LDHAlO2-coated, LDHCO3-coated and uncoated AZ31 in 0.1 mol/L NaCl solution. Assumed 

equivalent electric circuits for (d) LDHAlO2- and LDHCO3-coated AZ31 and (e) uncoated AZ, 

and (f) Rp values obtained by curve fitting. 

  



 

 

 

 

Figure 9. Weight gain of LDHAlO2-coated, LDHCO3-coated and uncoated AZ31 after wet-dry 

cyclic corrosion tests. 

  



 

 

Figure 10. (a)-(f) Optical (g)-(l) SEM images of LDHAlO2-coated, LDHCO3-coated and 

uncoated AZ31 after wet-dry corrosion tests. (a), (d), (g), (i) and (k) LDHAlO2-coated, (b), (e), 

(h), (j) and (l) LDHCO3-coated and (c) and (f) uncoated AZ31. (b), (e) and (f) are magnified 

images of arrowed area on (a), (b) and (c) images, respectively. (g) and (h) magnified images 

of a corrosion area. (i) and (j) magnified images of coating in apparently uncorroded area. (k) 

and (l) cross-section images. 

  



 

 

 

 

Figure 11. (a) Wide range XRD patterns and (b) magnified (003)LDH peak of (i) LDHAlO2-

coated, (ii) LDHCO3-coated and (iii) uncoated AZ31 after wet-dry cyclic corrosion tests. 

  



 

 

 

 

Figure 12. Raman spectra of (a) LDHAlO2 and (b) LDHCO3 coatings (i) before and (ii) after 

wet-dry cyclic corrosion tests. 

  



 

 

 

Figure 13. (a) and (b) Optical images, (c) and (d) SEM images of corroded areas indicated by 

an arrow on the optical images, and (e) and (f) topography images corresponding to (a) and (b) 

images. (g)-(i) Profiles of line 1)-3) on images (e) and (f). (a), (c), (e) and (g) LDHAlO2-coated 

AZ31 and (b), (d), (f), (h) and (i) LDHCO3-coated AZ31 after wet-dry cyclic corrosion tests, 

after removing corrosion product and coating layer. 

  



 

 

 

 

Figure 14. Assumed corrosion mechanisms of (a) LDHAlO2- and (b) LDHCO3-coated AZ31 

in wet-dry corrosion environment. 

 


