Jovan P. Šetrajčić
Academy of Sciences and Arts of the Republic of Srpska, Banja Luka, Republic of Srpska – BiH

Review paper
ISSN 0351-9465, E-ISSN 2466-2585
https://doi.org/..................

[image: 88x31]
Zastita Materijala Vol (Issue)
70.. – 7.. (2026)



ZASTITA MATERIJALA 

ZASTITA MATERIJALA 


Paper title (Arial 14 point, Bold)

ABSTRACT (Arial 12 point, Bold)
In recent years, material science ………….. (100 to 180 words).

Keywords: nanomaterials; anticorrosive agents; anion exchange; LDH powder and ultrathin film


1. INTRODUCTION (Microsoft Sans Serif, Upper case, 10 Points)
Nanotechnology deals with the research, production and application of nanoparticle architectures, tubular structures, films or sheets with a size of less than 100 nm in at least one dimension 
Reference to be cited like [1], [2-4]. Nanomaterials appear as dimensionless entities – nanoparticles, one- dimensional entities – nanowires, nanorods and nanotubes or as two-dimensional entities in the form of nanolayers, nanofilms, nanosheets and nanoplates. These materials with nanoscopic dimensions exhibit altered, but also greatly improved physico-chemical behavior and properties, in particular electronic, optical, mechanical, thermal and magnetic [5]. This is mainly due to their very small dimensions and the very large influence of special conditions at the interfaces, which allow a higher surface unit volume to increase the effective interaction [6].
All of this holds great promise for major advances in innovative techniques to develop nanoscopically thin coatings for applications in the packaging, aerospace, automotive, biomedical, marine and oil and gas industries, all of which offer superior protection against fouling, corrosion and self-healing effects on critical material surfaces. Therefore, nanomaterials have enabled the modification of (nano)coatings to effectively suppress corrosion, fouling and scratching on metallic materials. In addition, (nano)coatings can be self-healing in different architectures and under different environmental conditions, with all the associated and previously mentioned benefits.
Recent nanotechnological achievements have enabled promising innovations in protective nanocomposites – coatings for corrosion protection, antifouling and self-healing on material surfaces. Nanomaterials offer excellent prospects for minimizing the degree of corrosion on metal surfaces through surface modification - using nanocrystalline structural coatings. Various nanocoatings have proven to be very effective in reducing the negative effects of corrosion. The most commonly used are nanocoatings - coatings that contain components on a nanoscopic level or whose layer structure is less than 100 nm thick. The dimensions of the nanomaterials used and their very high layer density improve the adhesion and physical coverage of the coated surface. Nanocoatings can be applied to the outside, but also to the inner surfaces of the respective material, even if these are very smooth. Significantly, the successful use of nanocoatings to prevent or mitigate staining, corrosion and scratching or abrasion due to the ability to self-heal (which is realized by the inherent microarchitectural porosity) prevents the penetration of foreign bodies that are harmful to the respective surface. The inclusion of nanomaterials in protective coatings significantly improves their barrier protection performance.
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Nanoparticles, which are used in the composition of nanolayers to protect materials, have been studied for more than two decades and there are many different products. However, it is only in recent years that research efforts have been crowned with adequate results that distinguish those whose price and properties fulfill their purpose. This certainly includes the layered double hydroxide (LHD) [7], which we will focus on here.
Layered double hydroxides are successfully used for surface protection and functionalization of metal materials due to their special structure, composition, controllability, anion exchange and other exceptional properties. This review focuses on the most common methods for producing LDH on magnesium alloys and summarizes the results of over 50 research papers. At the same time, based on the mechanism of corrosion protection by LDH materials, the performances of LDH films and LDH as a filler on metal substrates are briefly introduced. The surface of LDH materials was chemically modified to improve their compatibility with solvents, and their anti-corrosion function was developed as an additive. Finally, composite coatings based on LDH on Mg alloys were considered by pretreatment of the surface and chemical modification.
Magnesium (Mg) and its alloys, known as the lightest metallic structural materials, are widely used in the computer, electronics, automotive and aerospace industries due to their advantages (including low specific gravity, high specific strength and stiffness, ease of processing and recycling) [8]. By using magnesium alloys, the total mass of the vehicle could be reduced by 10% and fuel consumption could be reduced by about 20– 30% without significant design changes. In addition, the modulus of elasticity of magnesium alloys is similar to that of the human skeleton, which can absorb external loads and is the main component of artificial skeletons. As a medical material, magnesium alloys are therefore ideal materials for cartilage repair and metal implants. Although magnesium alloys have many excellent properties, their poor corrosion resistance due to their low standard potential (−2,36 V) has limited their further development and wider application [9]. Many approaches have been taken in researching this problem, including alloys, improved heat treatment processes and advanced surface treatment technology. Among them, surface treatment technology is the most comprehensive and effective method, including chemical conversion coatings, polymer coatings, micro-arc oxidation, layer-by-layer films and LDH coatings [9]. In recent years, LDHs have taken a key position, not only because of their environmental friendliness and low cost, but also because of their high anion exchange capacity [10]. As a result, intercalated materials have shown wide prospects for application as corrosion-resistant coatings.
2. RELATED WORK
LDH is a type of material similar to hydrotalcite, consisting of two or more metal elements with a layered hydroxide structure [11]. LDH consists of positively charged mixed layers of metal ions M3+/(M2++M3+) hydroxide anions with water molecules between the layers. As shown in Figure 1, the general crystal structure of LDH films is [M2+1−x M3+x (OH)2]x+(Am−)x/m·nH2O, where M2+ refers to metal cations (e.g. Mg2+, Zn2+, Cu2+, Ni2+), M3+ denotes a trivalent cation (e.g. Al3+, Fe3+, Cr3+), x is the molar ratio of M3+/(M2++M3+), and Am− is an anion with valence m− [12], while the hydroxide layers are packed with water molecules during synthesis. Basically, the crystal structure, bond strength and anion exchange capacity of LDH depend on the size and charge of the metal cation, the charge of the anion and the relative amount of water of crystallization [13].
LDHs have potential applications in catalysis, functional materials, environmental protection and biomedicine due to their unique memory effect and interlayer anion exchange capacity [13]. Recently, prepared LDH coatings on alloys have been widely used due to the extensive raw material resources, simple synthesis methods and large quantities, especially on magnesium alloys and various kinds of LDH materials, on double compounds composed of Mg–Al LDH and carbonate.
2.1. Synthesis of LDH (Sub heading)
There are several ways to synthesize LDH, of which the following stand out in terms of efficiency: co-precipitation, in situ growth methods, electrochemical deposition/deposition, spinning/ spun coating and anion exchange. We will look at the good points of these processes individually, but also the difficulties that accompany them. Figure 1 shows (all figures to be cited in the text).


[image: Coatings 11 01316 g001 550]
Figure 1. Schematic illustration of the LDH structure and its components (from [5])

2.1.1. Co-precipitation
Co-precipitation (CPT) means that two or more kinds of soluble salts with a layered structure of metal ions are uniformly mixed in a nitrogen atmosphere, and the corresponding solid particles are obtained by a precipitation reaction with an appropriate pH. The CPT approach is one of the most attractive techniques for the preparation of LDH intercalation materials of Mg, Al, Zn and other metals. The combination of CPT and hydrothermal reaction can form LDH coatings of different systems, regardless of the chemical composition of the substrate, laminate and type of anions between the layers [14]. As can be seen in Figure 2, the LDH layers were well bonded together and no defects were observed at the interface. The overall Mg–Al LDH layers are smooth and compact, which improves the adhesion of the substrate and coating materials.

[image: Coatings 11 01316 g002 550]
Figure 2. (a–c) SEM images of LDH coating on Mg alloy with different magnifications; (d) cross-sectional
SEM images (from [5])

In the paper [15], the preparation of a Mg–Al LDH coating with a porous organic surface layer was presented by integrating the coprecipitation technique and the hydrothermal synthesis method for the extended application of Mg alloys. It has been shown that the appropriate addition of polyglutamic acid (PGA) can prolong the corrosion time of the composite coating when the pH value reaches a minimum value, so that the corrosion resistance of the AZ31 alloy is improved by the described composite coating on the surface. Generally, the precipitated material needs to be heated at 60-80 °C for several hours –to improve the crystallinity of LDH. However, the CPT method is widely used in the preparation of LDH powder because it takes a long time and has poor adhesion between the substrate and the coating, which is not suitable for coatings on metal substrates [16].
2.1.2. In-Situ growth methods
It is worth noting that for some high- temperature superconducting materials [29–32], thin films have a stronger ability to absorb chloride ions in the corrosion solution, thereby improving corrosion protection. Therefore, film thickness and density are also key factors for corrosion resistance as they can limit the direct contact between the matrix and the corrosive medium. Due to the excellent anion exchange ability and the special lamellar structure of LDH, this intercalation process is therefore efficient and time-saving in corrosion protection. From the perspective of the application of LDH films on Mg alloys, the intercalation of inorganic anions into LDH films is an optimal and effective method of corrosion protection. Table 1 presents …………….. ………….. ……………. …………. ………….. 
Table 1. Corrosion potential (Ecorr), corrosion current density (Icorr) of samples in NaCl solutions (from [28])

	Sample
	Electrolyte
	Ecorr (V/SCE)
	Icorr (μAcm−2)

	CO3·Mg–Al LDH
	
3.5 wt.% NaCl
	– 0.805
	1.13 × 10−7

	Cl·Mg–Al LDH
	
	– 1.300
	2.52 × 10−7

	NO3·Mg–Al LDH
	
	– 1.357
	5.58 × 10−7

	V2O7·Mg–Al LDH
	
	– 0.920
	0.13 × 10−7




2.1.3. Super-hydrophobic modification
Biologists discovered that the lotus is a self- cleaning plant and linked its self-cleaning mechanism to the microscopic morphology of its superhydrophobic surface. They discovered that the superhydrophobic properties of the surface of the lotus leaf are due to a certain roughness on the nanoscopic surface [33]. Inspired by the "lotus effect", scientists began to produce an artificial hydrophobic coating on a metal surface to obtain rough surface materials with low surface energy.
2.2. Biocompatible coatings
In recent years, biocompatible materials have been in great demand due to their special, outstanding properties, and the surface modification of magnesium alloys has attracted more and more attention, especially because of their better biocompatibility. There are two types of biocompatible materials: the original biocompatible materials and those that require surface modification and other means to achieve biocompatibility.
PVA is currently one of the most widely used polymer materials. It is a biodegradable polymer with good biocompatibility, stability and chemical resistance. The modified Mg-Al-CO3 LDH with organic acid coprecipitation method can promote the intercalation of LDH into the polymer matrix, which can achieve an appropriate degree of dispersion. To promote intercalation in the LDH polymer matrix and improve the ideal dispersion, an organic diacid was prepared from tetrabromophthalic anhydrides and L-aspartic acid in refluxing acetic acid with pyridine [34]. Under ultrasonic irradiation, the base spacing between the layers of lactate dehydrogenase was modified by the method of coprecipitation with an organic diacid, which effectively reduced the polymerization time and nanocohesion. The modification process showed that the tensile strength and modulus of PVA/mLDH-NCs were improved due to the hydrogen bonding and good dispersion of mLDH in the polymer matrix.

3. METHODOLOGY
4. RESULTS AND DISCUSSION
5. CONCLUDING SUMMARY 
To summarize, LDH coatings have a good protective effect on magnesium alloys, but there are still problems that need to be further investigated. In-situ growth is the most commonly used method, but the degree and thickness of LDH coating are sometimes insufficient. This shows the importance of multiple synthesis methods for LDH coatings. The binding force between the LDH and the substrate can be changed by changing the ratio of metal cations, and the corrosion resistance can be improved to extend the life of the film. To achieve this goal and other functional effects of Mg alloy, it is necessary to investigate the recombination mechanism of LDH interlayer structure, which can maximize the release of inhibitory ions and the absorption of corrosion ions. Chemical modification or incorporation of synergistic ions can improve the compatibility between LDH and organic polymers, thereby increasing the compactness of the composite coating and improving its corrosion resistance.
In addition to researching the preparation of the Mg–Al LDH coating system on the surface of the Mg alloy to improve corrosion resistance, it is particularly important to better understand the selection of suitable key parameters and the synthesis process. Since the LDH film has the main characteristics of positive anti-corrosion function, it is necessary to find new regulation parameters for realizing the preparation of multifunctional LDH film with controlled values of boundary parameters on specific interfaces, in addition to improving the protective performance of composite films on Mg alloys. Therefore, Mg–Al LDH composite films produced on the surface of Mg alloys have great prospects for wide application in corrosion protection.
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