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Abstract: The coating containing a layered double hydroxide (LDH) was obtained on the MA8 
magnesium alloy. The coating morphology, its electrochemical and corrosion behavior were studied. 
Scanning electron microscopy confirmed the lamellar structure of the LDH. Maps of the element 
distribution on the surface (the aluminum content on the surface is 3.2 wt.%) and the diffraction 
pattern of the sample (the presence of a hydrotalcite phase) also confirmed the presence of LDH. 
The electrochemical and corrosion behavior of the base PEO-coating, an LDH-containing coating, 
and the LDH-containing coating after impregnation with sodium oleate was compared. According 
to the experimental data analysis the positive role of LDH in the protection of the magnesium alloy 
was established. Treatment of the LDH-containing coating with a 0.1 M solution of sodium oleate 
makes it possible to increase the impedance modulus measured at the frequency of 0.1 Hz by order 
of magnitude compared to the inhibitor free protective layer. The obtained LDHs have a positive 
effect on the stability of the protective properties in aggressive medium, which was shown by the 
decrease in corrosion current density for the investigated sample.
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Получение слоистого двойного гидроксида на ПЭО-
покрытии, сформированном на сплаве магния МА8: 

электрохимические и коррозионные свойства
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Аннотация. На магниевом сплаве МА8 было получено покрытие, содержащее 
слоистые двойные гидроксиды (СДГ) в своей структуре. Изучена морфология 
полученного покрытия, его электрохимическое и коррозионное поведение. Ламеллярная 
структура СДГ подтверждена анализом данных, полученных с помощью сканирующей 
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электронной микроскопии. Наличие СДГ также подтверждено картами распределения 
элементов на поверхности (содержание алюминия на поверхности 3.2 масс.%) и 
дифрактограммой образца (присутствие фазы гидроталькита). Было проведено сравнение 
электрохимического и коррозионного поведения базового ПЭО-покрытия, покрытия, 
содержащего СДГ, и покрытия, содержащего СДГ, после импрегнирования олеатом 
натрия. Согласно полученным экспериментальным данным, установлена положительное 
влияние СДГ на защитные свойства покрытия. Обработка 0.1 М раствором олеата натрия 
покрытия, содержащего СДГ, позволяет увеличить модуль импеданса, измеренного на 
частоте 0.1 Гц, на порядок по сравнению с покрытием без ингибитора. Полученные 
СДГ положительно влияют на устойчивость сплава с ПЭО-покрытием в агрессивной 
среде что следует из уменьшения плотности тока коррозии для исследуемого образца.

Ключевые слова: магниевые сплавы, слоистый двойной гидроксид, электрохимия, 
коррозия, ингибирование, плазменно-электролитическое оксидирование
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Introduction

Magnesium and its alloys are light materials with a density of about 1.8 g/cm3, which is lower 
than that of aluminum (about 2.7 g/cm3), titanium (about 4.5 g/cm3) and steel (about 7.8 g/cm3). 
Magnesium alloys have attracted considerable interest from researchers due to their good specific 
strength, lightness, high damping capacity, and good recyclability [1, 2]. 

Magnesium alloys do not have a protective oxide layer on their surface, unlike stainless 
steel, aluminum and titanium alloys. Therefore, Mg alloys are subject to strong corrosion in the 
marine atmosphere and other environment [2–5]. One of the well-known methods for applying 
ceramic-like coatings to metals and their alloys is plasma electrolytic oxidation (PEO), which 
is used to protect valve metals such as Al, Mg, Ti, Ta, Nb, and others [6–10]. This method is 
based on polarization of the material in electrolyte solutions at voltages that cause the flow of 
microdischarges on the surface of treated materials [11].

Currently, technologies aimed at obtaining the smart coatings are widespread [12]. To date, 
there is a need to develop eco-friendly self-healing coatings [13]. This type of coating has the 
property of self-healing in case of damage, which is based on the gradual release of corrosion 
inhibitors that prevent the material against degradation. In the aerospace industry the intensive 
aluminum corrosion was prevented using Cr(VI) salts, but this inhibitor has a negative (toxic) 
effect to environment. Alternative protection options were developed using coatings based on  
Zr/Ti, rare earth elements, including those based on LDH [12, 14–16].

However, for magnesium, a smaller number of possible protection methods (in comparison to 
Al) can be observed [3, 15], since Mg is a rather active metal. Previously, the coating impregnation 
with 8-hydroxyquinoline [18] was proposed as an additional protection for magnesium with a 
PEO-layer. This treatment made it possible to significantly improve the corrosion resistance of 
the base PEO-coating.

In [14, 19], it was proposed to use LDH as a paint pigment for steel, with the preliminary 
incorporation of 2-mercaptobenzothiazole, which makes it possible to inhibit corrosion processes. 
LDH [17, 18] is the ionic solids with the general formula [(M2+)1–x(M

3+)x(OH)2]
x+[(An–)x/n·mH2O]. 
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LDH has a hydrotalcite-like structure (the structure of brucite-like layers, that consist of mixed 
metal hydroxides, in which these metals are in an octahedral molecular geometry, and the 
interlayer space is filled with charge-compensating anions and water molecules [22, 23]. Due 
to the peculiarities of this structure, inhibitor molecules can be incorporated in the intercalated 
layers [14, 24–26] and subsequently be released to suppress corrosion [25].

In this paper, we propose the way of preparation and use of LDHs as nanocontainers for the 
protection of the PEO-coated MA8 magnesium alloy. Sodium oleate was chosen as a corrosion 
inhibitor [27].

Materials and Methods

Samples with the size of 20×20×2 mm3 made of MA8 magnesium alloy were used in this work 
as a substrate. The specimens were preliminarily processed on a grinding machine using an emery 
paper with a grit of P320, then washed with isopropyl alcohol and air-dried.

The following coatings were formed on MA8 magnesium alloy: base PEO-coating (MA8-
PEO), PEO-coating containing LDH (MA8-PEO-LDH), and PEO-coating containing LDH 
and treated with an inhibitor (MA8-PEO-LDH-oleat).

PEO treatment was carried out in an electrolyte containing 15 g/L Na2SiO3·5H2O and 5 g/L 
NaF in the bipolar mode. The duration of the process was 600 s. During the entire oxidation 
process, the potential of the cathode phase was maintained equal to -30 V, and the potential of 
the anode phase increased linearly from 30 to 300 V. The pulse duration was 30 ms with a pause 
for each phase.

To obtain LDH the treatment of the PEO-coating [24, 25] was carried out in a solution 
containing 50 g/L EDTA-Na, 40 g/L NaOH, 5 g/L Al (aluminum granules were preliminarily 
dissolved in sodium hydroxide). The samples were immersed in the solution and soaked for 48 h 
at 60 ℃ (hot solution treatment).

Treatment with the inhibitor was performed in a solution containing 0.1 M sodium oleate for 24 h.
An AUW120D analytical balance (Shimadzu, Japan) was used for sample weighting. To control 

the coating thickness, a VT-201 eddy current thickness gauge (KID, Russia) was used. SEM 
images and element distribution maps were obtained using an EVO 40 electron microscope (Carl 
Zeiss, Germany). X-ray phase analysis (XRD) was performed on a D8 Advance diffractometer 
(Bruker, USA). Electrochemical measurements were carried out using a VersaSTAT MC 
electrochemical station (Princeton Applied Research, USA) in a 3.5 % NaCl solution in a three-
electrode cell with an Ag/AgCl electrode as a reference electrode and Pt mesh as a counter one. 
The impedance spectra and polarization curves were processed using the ZView® and CView® 
programs, respectively (Scribner, USA).

Results and Discussion

The thickness of the resulting coatings for all samples was 15 ± 2 μm. The weight gain for 
the MA8-PEO-LDH sample was equal to 0.8 mg compared to MA8-PEO, and for the sample 
impregnated with the inhibitor, the weight gain was equal to 0.4 mg compared to MA8-PEO-
LDH. For samples with PEO-coating containing LDH, a change in the color of the coating was 
noted. The original PEO-coating was white, PEO-coating with inhibitor free LDH was yellow. 
The color of the MA8-PEO-LDH coating did not change when treated with an inhibitor. 

Fig. 1. XRD patterns of MA8, MA8-PEO, MA8-PEO-LDH samples
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The XRD patterns (Fig. 1) and EDX maps of the distribution of elements (Fig. 2) 
indicate the formation of the layered double hydroxide (Mg-Al-LDH) phase (Mg0.667Al0.333)
(OH)2(CO3)0.167(H2O)0.5. The main phases of the base PEO-coating such as (Mg, MgO (periclase), 
Mg2SiO4 (forsterite)) are presented in the MA8-PEO-LDH sample. The element composition of 
the sample is as follows (wt.%): O, 46.0; Mg, 26.6; C, 15.1; Si, 7.8; Al, 3.2; Na, 1.3.

The surface morphology of MA8-PEO-LDH is shown in the SEM image (Fig. 2). This 
protective layer has a structure, which is typical for PEO-coating. According to the EDX maps, 
one can note the homogeneity of the distribution of Mg, Si, O in the PEO-coating. Aluminum is 
also homogeneously distributed over the sample surface (3.2 wt.%). This means that the process 
of formation of the LDH was successful. The high-resolution SEM image (Fig. 3) of the LDH-
containing PEO-coating shows areas with a lamellar structure, which corresponds to LDH, that 
is in accordance with [3, 12, 20, 25]. It should also be noted that not whole PEO-coating was 
covered with LDH crystallites, since PEO-coating structure was detected among the LDH. Fig. 3 
shows that LDH formation was mainly occurred in porous part of the PEO-layer.

Fig. 2. SEM image and EDX maps of the MA8-PEO-LDH

Fig. 3. SEM image of the MA8-PEO-LDH

Table 1
Electrochemical characteristics of the samples in 3.5% NaCl

Sample βa, mV βc, mV Ec, mV, vs 
Ag/AgCl Ic, mA/cm2 Rp, Ω∙cm2 |Z|f=0.1Hz, 

Ω∙cm2

MA8 43.3 169.9 –1512.2 16.67 8.7∙102 6.7∙102

MA8-PEO 97.2 251.6 –1411.2 0.41 7.4∙104 8.4∙103

MA8-PEO-LDH 135.3 543.7 –1422.2 0.35 1.4∙105 1.7∙104

MA8-PEO-
LDH-oleat 44.9 267.6 –1391.8 0.26 1.7∙105 2.1∙105

Notations: βa, βc, Ec, Ic, Rp, |Z|f=0.1Hz are the anodic and cathodic slope of Tafel curves, corrosion potential, 
corrosion current density, polarization resistance and impedance modulus at 0.1 Hz, respectively.
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The analysis of the potentiodynamic polarization curves (Fig. 4, a) shows a shift in the corrosion 
potential to the positive direction for coated MA8 samples. The curves for MA8 with different types 
of protective coatings lies in the same region. A decrease in the corrosion current density indicates 
a positive effect of LDH formation on the surface of PEO-layer. The results of electrochemical 
impedance spectroscopy (Fig. 4, b, c, d) show high protective properties of the LDH-containing 
coatings. The analysis of the Bode plot clearly shows the positive effect of the presence of LDH in 
the structure of the protective coating, an increase in impedance modulus is noted over the entire 
frequency range. Treatment with sodium oleate also increases the impedance values as compared 
to the specimen with inhibitor free LDH-containing coating. The electrochemical characteristics 
of MA8 alloy sample with and without protective coatings are presented in Table 1.

Conclusion

The Mg-Al-LDH was formed on the PEO-coating containing MgO and Mg2SiO4 using hot 
solution treatment. The obtained LDHs have a positive effect on the stability of the coating 
obtained by the PEO method in the corrosive environment. The impedance modulus measured 
at the lowest frequency (0.1 Hz) resistance was increased as compared to one for sample without 
coating. The corrosion current density decreased after forming a ‘smart coating’ on MA8 Mg 
alloy. Inhibitor treatment also improves the corrosion resistance of the protective coating. This 
work allows us to suggest the effective way of self-healing coating formation on the surface of 
PEO-treated magnesium alloy.

Acknowledgments

Electrochemical measurements and coating formation were supported by the Grant of Russian 
Science Foundation, Russia (project no. 21-73-10148, https://rscf.ru/en/project/21-73-10148/). 
The study of material`s structure and composition were supported by the Grant of Russian Science 
Foundation, Russia (project no. 20-13-00130, https://rscf.ru/en/project/20-13-00130/).

REFERENCES

1. Nazeer F., Long J., Yang Z., Li C., Superplastic deformation behavior of Mg alloys: A-review, 
Journal of Magnesium and Alloys. 10 (1) (2022) 97–109. 

2. Xu W., Birbilis N., Sha G., Wang Y., Daniels J.E., Xiao Y., Ferry M., A high-specific-strength 
and corrosion-resistant magnesium alloy, Nature Materials. 14 (12) (2015) 1229–1235.

Fig. 4. Potentiodynamic curves (a); impedance spectra of MA8 samples 
with and without coatings; Bode plots (dependence of impedance modulus |Z| (b) 

and phase angle θ (c) on frequency); Nyquist plots (d) (dependence of the imaginary 
part of the impedance Z′′ on the real part of the impedance Z′)

c)	 d)

a)	 b)



202

St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

3. Guo L., Wu W., Zhou Y., Zhang F., Zeng R., Zeng J., Layered double hydroxide coatings on 
magnesium alloys: A review, Journal of Materials Science & Technology. 34 (9) (2018) 1455–1466.

4. Gnedenkov A.S., Lamaka S. V., Sinebryukhov S.L., Mashtalyar D. V., Egorkin V.S., Imshinetskiy 
I.M., Zavidnaya A.G., Zheludkevich M.L., Gnedenkov S.V., Electrochemical behaviour of the MA8 
Mg alloy in minimum essential medium, Corrosion Science. 168 (2020) 108552.

5. Gnedenkov A.S., Sinebryukhov S.L., Filonina V.S., Egorkin V.S., Ustinov A.Y., Sergienko V.I., 
Gnedenkov S.V., The detailed corrosion performance of bioresorbable Mg-0.8Ca alloy in physiological 
solutions, Journal of Magnesium and Alloys. 10 (5) (2022) 1326–1350.

6. Kozlov I.A., Vinogradov S.S., Tarasova K.G., Kulyushina N.V., Manchenko V.A., Plasma electrolytic 
oxidation of magnesium alloys (review), Aviation materials and technologies. 54 (1) (2019) 23–36.

7. Mamayev A.I., Ramazanova Zh.M., Savelyev Yu.A., Butyagin P.I., Coating method for valve 
metals and their alloys. Pat. 2077612 Russian Federation, MPK6 C 25 D 11/02.; applicant and 
patentee Mamayev Anatoliy Ivanovich. № 93044630/02; appl. 14.09.93; publ. 20.04.97. 6 p. 

8. Gnedenkov A.S., Sinebryukhov S.L., Mashtalyar D. V., Vyaliy I.E., Egorkin V.S., Gnedenkov S.V., 
Corrosion of the welded aluminium alloy in 0.5 M NaCl solution. Part 1: Specificity of development, 
Materials. 11 (10) (2018) 2053.

9. Gnedenkov A.S., Sinebryukhov S.L., Mashtalyar D. V., Vyaliy I.E., Egorkin V.S., Gnedenkov 
S.V., Corrosion of the Welded Aluminium Alloy in 0.5 M NaCl Solution. Part 2: Coating Protection, 
Materials. 11 (11) (2018) 2177.

10. Gnedenkov A.S., Lamaka S. V., Sinebryukhov S.L., Mashtalyar D. V., Egorkin V.S., Imshinetskiy 
I.M., Zheludkevich M.L., Gnedenkov S.V., Control of the Mg alloy biodegradation via PEO and 
polymer-containing coatings, Corrosion Science. 182 (2021) 109254.

11. Yarovaya T.P., Nedozorov P.M., Method for obtaining wear-resistant coatings on aluminum 
alloys. Pat. 2764535 Russian Federation, MPK6 C 25 D 11/06.; applicant and patentee FBIS ICh 
FEB RAS. № 2021106412; appl. 11.03.2021; publ. 18.01.2022, Byul. № 2. 9 p.

12. Bouali A.C., Serdechnova M., Blawert C., Tedim J., Ferreira M.G.S., Zheludkevich M.L., 
Layered double hydroxides (LDHs) as functional materials for the corrosion protection of aluminum 
alloys: A review, Applied Materials Today. 21 (2020) 100857.

13. Reisch M.S., Confronting the looming hexavalent chromium ban, Chemical & Engineering 
News. 95 (9) (2017) 28–29.

14. Tabish M., Zhao J., Wang J., Anjum M.J., Qiang Y., Yang Q., Mushtaq M.A., Yasin G., Improving the 
corrosion protection ability of epoxy coating using CaAl LDH intercalated with 2-mercaptobenzothiazole 
as a pigment on steel substrate, Progress in Organic Coatings. 165 (2022) 106765.

15. Rodriguez J., Bollen E., Nguyen T.D., Portier A., Paint Y., Olivier M.G., Incorporation of 
layered double hydroxides modified with benzotriazole into an epoxy resin for the corrosion protection 
of Zn-Mg coated steel, Progress in Organic Coatings. 149 (2020) 105894.

16. Huang M., Lu G., Pu J., Qiang Y., Superhydrophobic and smart MgAl-LDH anti-corrosion 
coating on AZ31 Mg surface, Journal of Industrial and Engineering Chemistry. 103 (2021) 154–164.

17. Song S., Yan H., Cai M., Huang Y., Fan X., Cui X., Zhu M., Superhydrophobic composite 
coating for reliable corrosion protection of Mg alloy, Materials & Design. 215 (2022) 110433.

18. Gnedenkov A.S., Filonina V.S., Sinebryukhov S.L., Sergiyenko V.I., Gnedenkov S.V., Hybrid 
polymer-containing coatings impregnated with a corrosion inhibitor for the protection of bioresorbable 
magnesium implants, Vestnik DVO RAN. 5 (2021) 56–64.

19. Dong Y., Wang F., Zhou Q., Protective behaviors of 2-mercaptobenzothiazole intercalated Zn–Al-
layered double hydroxide coating, Journal of Coatings Technology and Research. 11 (5) (2014) 793–803.

20. Kuang Y., Zhao L., Zhang S., Zhang F., Dong M., Xu S., Morphologies, Preparations 
and Applications of Layered Double Hydroxide Micro-/Nanostructures, Materials. 3 (12) (2010) 
5220–5235.

21. Evans D.G., Structural aspects of layered double hydroxides Berlin/Heidelberg: Springer-
Verlag, 2005.

22. Nestroynaya O.V., Ryltsova I.G., Yapryntsev M.N., Lebedeva O.Ye., Influence of the method of 
synthesis of layered double hydroxides on their phase composition and magnetism, Neorganicheskiye 
materialy. 56 (7) (2020) 788–795.

23. Poznyak S.K., Tedim J., Rodrigues L.M., Salak A.N., Zheludkevich M.L., Dick L.F.P., Ferreira 
M.G.S., Novel inorganic host layered double hydroxides intercalated with guest organic inhibitors for 
anticorrosion applications, ACS Applied Materials and Interfaces. 1 (10) (2009) 2353–2362.



203

Physical materials technology

© Peter the Great St. Petersburg Polytechnic University, 2022

24. Chen J., Fang L., Wu F., Xie J., Hu J., Jiang B., Luo H., Corrosion resistance of a self-healing 
rose-like MgAl-LDH coating intercalated with aspartic acid on AZ31 Mg alloy, Progress in Organic 
Coatings. 136 (2019) 105234.

25. Tedim J., Poznyak S.K., Kuznetsova A., Raps D., Hack T., Zheludkevich M.L., Ferreira M.G.S., 
Enhancement of active corrosion protection via combination of inhibitor-loaded nanocontainers, ACS 
Applied Materials and Interfaces. 2 (5) (2010) 1528–1535.

26. Guo X., Zhang F., Evans D.G., Duan X., Layered double hydroxide films: synthesis, properties 
and applications, Chemical Communications. 46 (29) (2010) 5197.

27. Ogorodnikova V.A., Kuznetsov Yu.I., Andreyeva N.P., Chirkunov A.A., Adsorption of sodium 
oleate from alkaline solutions on oxidized magnesium, Corrosion: materials, protection. 5 (2018) 27–31.

28. Li C.Y., Gao L., Fan X.L., Zeng R.C., Chen D.C., Zhi K.Q., In vitro degradation and 
cytocompatibility of a low temperature in-situ grown self-healing Mg-Al LDH coating on MAO-
coated magnesium alloy AZ31, Bioactive Materials. 5 (2) (2020) 364–376.

29. Paulhiac J.L., Clause O., Surface coprecipitation of cobalt(II), nickel(II), or zinc(II) with 
aluminum(III) ions during impregnation of .gamma.-alumina at neutral pH, Journal of the American 
Chemical Society. 115 (24) (1993) 11602–11603.

30. Liu J., Li Y., Huang X., Li G., Li Z., Layered Double Hydroxide Nano- and Microstructures 
Grown Directly on Metal Substrates and Their Calcined Products for Application as Li-Ion Battery 
Electrodes, Advanced Functional Materials. 18 (9) (2008) 1448–1458.

THE AUTHORS

NOMEROVSKII Aleksei D.
nomerovskii.ad@outlook.com
ORCID: 0000-0002-3118-5971

GNEDENKOV Andrey S.
asg17@mail.com
ORCID: 0000-0002-9822-7849

SINEBRYUKHOV Sergey L.
sls@ich.dvo.ru
ORCID: 0000-0002-0963-0557

GNEDENKOV Sergey V.
svg21@hotmail.com
ORCID: 0000-0003-1576-8680

Received 21.05.2022. Approved after reviewing 07.07.2022. Accepted 09.07.2022.


