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Abstract

Surface coating materials have many applications in various sectors, such as aerospace, medical
technology, packaging and construction, due to their unique properties, including self-healing,
corrosion resistance and protection from external factors. Their use not only enhances the durability
and lifespan of surfaces, but also their functionality and aesthetic value. These coatings can be
effective barriers against moisture, oxygen, chemicals and the growth of microorganisms, which
makes them indispensable in industries where reliability and safety are paramount. In the aerospace
sector, they provide protection at extreme temperatures and limit component wear. In biomedicine,
special coatings improve implant compatibility and prevent bacterial adhesion. In packaging, they
extend the shelf life of products, while in construction they prevent the degradation of structural
elements. This review article examines the main categories of these materials, as well as their
advantages and limitations, and demonstrates a comparative evaluation of their use in certain
applications.

Keywords: surface coatings; coating materials; advanced coatings; next-generation materials;
functional coatings; physical chemistry

1. Introduction

Surface coatings are protective and decorative layers applied to various substrates, such as
metal, wood, plastic or concrete, to improve properties such as aesthetics, durability and functionality
[1]. In addition to preventing phenomena such as corrosion, wear and the influence of environmental
factors, they also contribute to enhancing performance characteristics such as high temperature
resistance, electrical conductivity and chemical resistance [2,3]. Depending on the requirements of
the application, coating materials can be deposited using methods ranging from simple techniques
such as brushing and spraying to more complex processes such as thermal spraying, electroplating
or chemical vapor deposition [1]. Thanks to this adaptability, surface coatings are a key factor in many
sectors, including construction, automotive, aerospace, electronics and packaging, as they extend the
life of materials and enhance both their performance and aesthetic value [4].

They can be used to tailor or modify the properties of the material. There are many types of
surface coating materials, based on organic, inorganic, polymeric, or composite structures, that can
give the surface curtain properties, like self-healing or anti-corrosive [4-6]. Their application is
important because of the protection and performance improvement they impart to the bulk materials.
Surface coating materials can protect against UV radiation, reduce friction or prevent rusting and
degradation, increasing the durability of the materials [2,7-9]. In some cases, the appearance like the
color or the texture can be enhanced. Functional properties like conductivity can be modified as well.
Maintenance costs can be reduced by lowering repair frequency, increasing the sustainability of the
materials.

Surface coating materials, like mentioned before, are thin layers that can be applied to substrates
to modify their properties, but without changing the bulk material [1]. Nowadays, many industrial
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fields use them, like in aerospace, biomedical applications, electronics, energy, construction and
others. Despite the good properties of the coating materials that were mentioned before, the
conventional materials ace some limitations, like durability or environmental hazards. To solve this
problem, smart coating materials can be fabricated, with better properties and less limitations [10,11].
This is crucial, due to the demand for new coatings with new and better levels of performance like
the demand for sustainability, and green chemistry, or multifunctionality, allowing the coating
material to have many properties. In this review, the principal categories of these materials are
examined, with particular attention to their respective advantages and limitations, followed by a
comparative evaluation of their performance in specific applications (Figure 1).
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Figure 1. The framework of this review article.

2. Physicochemical Insights

The interface between a coating and its either substrate, bulk material or environment is
governed by thermodynamic principles, such as surface energy, wetting, and adhesion. For instance,
minimizing the Gibbs free energy at the interface ensures strong adhesion and stability. This involves
tailoring the coating’s surface chemistry to match or complement the substrate’s properties, often
quantified by contact angle measurements or surface tension. Techniques like self-assembled
monolayers (SAMs) or functionalization can fine-tune these interactions.

Electrochemical phenomena are central to coatings for corrosion protection. Ion transport,
dielectric permittivity, and the presence of nanoscale defects control electrolyte penetration and the
establishment of localized electrochemical cells [5]. The incorporation of inhibitors or functional
nanofillers has been shown to alter transport properties, suppress anodic and cathodic reactions, and
reduce corrosion currents [6]. Modeling studies have further elucidated how diffusion coefficients
and redox kinetics within the coating influence long-term protective performance [7].

The formation and curing of coatings involve complex chemical reactions, including
polymerization, cross-linking, and sol-gel processes. The kinetics of these reactions dictate the rate of
film formation, directly influencing coating uniformity, thickness, and durability. In thermal or UV-

cured coatings, curing follows Arrhenius-type kinetics, where the rate constant is expressed as:
—Eq

k < erT 1)

Controlling activation energy (E,) and curing temperature (T) enables fine-tuning of the cross-
linking density and final mechanical properties. Photoinitiated systems additionally depend on the
efficiency of radical or cationic generation under irradiation, which can be tailored through initiator
selection and wavelength matching [12]. Understanding competitive pathways such as side reactions,
incomplete curing, or degradation during processing is equally important. These can lead to defects
including microcracking, poor adhesion, or delamination, ultimately compromising protective
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performance. Strategies such as catalyst optimization, staged curing, or incorporation of stabilizers
are employed to minimize these undesired processes [13].

The microstructure of a coating at the molecular and nanoscale —including its crystallinity,
porosity, or how its phases separate—directly affects its larger-scale properties such as hardness,
corrosion resistance, and water repellency (hydrophobicity). For example, adding nanoparticles like
titanium dioxide can improve coating’s UV resistance, while creating layered structures with
materials like graphene can enhance its overall function. To understand this relationship between the
nanoscale structure and the coating’s performance, scientists use specialized tools like X-ray
diffraction (XRD), atomic force microscopy (AFM), and molecular dynamics simulations [14].

Thermodynamic and kinetic control also underpin the development of “smart” coatings.
Stimuli-responsive polymers exploit conformational entropy changes to adjust permeability in
response to external triggers (e.g., pH, temperature, or redox potential) [10]. Similarly, sol-gel derived
oxides rely on hydrolysis—condensation kinetics to control microstructure and porosity, thereby
tuning barrier efficiency [11]. Nanostructured additives can reduce interfacial free energy, promote
passivation layer formation, or inhibit crack propagation through mechanisms analogous to
toughening in composite materials [8].

Taken together, these physicochemical insights establish guiding principles for next-generation
coatings: (i) Molecular-level control of cohesive and adhesive forces to optimize integrity; (ii)
Thermodynamic stability to withstand degradation under thermal fluctuations and aggressive
chemical environments; (iii) Kinetic regulation of transport and self-healing responses; (iv) Interfacial
design to regulate surface energy, electronic properties, and the formation of protective/passivating
layers. By integrating molecular design, electrochemical understanding, and nanoscale engineering,
physical chemistry provides a predictive framework for moving beyond empirical development
toward rational design of multifunctional, adaptive, and sustainable surface coatings.

3. Categories of Coating Materials

As mentioned before, the surface coating materials can be divided into 3 categories, based on
the materials that are used (Figure 2). There are the polymeric coatings, the inorganic coatings, and
the composite coatings. The polymeric coatings are made from organic polymers, that provide
flexibility and corrosion protection [15]. The inorganic coatings can offer durability against harsh
environments and excellent heat resistance [16]. Finally, the composite coatings can provide many
benefits like enhanced strength and tailored functional properties. In advanced applications, these
categories are often integrated to exploit synergistic effects, such as improved electrochemical
stability, superior adhesion to metallic substrates, and enhanced barrier properties. The selection of
the appropriate coating system is governed by parameters including substrate—coating interfacial
chemistry, microstructural characteristics, and long-term degradation mechanisms. Recent research
efforts are increasingly focused on nanostructured and multifunctional coatings that can
simultaneously provide corrosion resistance, self-healing capability, and environmental
sustainability [17].
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Figure 2. Categories of coating materials.

3.1. Polymer Coatings

Polymeric coatings are flexible and tough, which helps them withstand mechanical stress and
changes in temperature without cracking. Over time, advanced coatings have been developed with
special additives and nanocomposites to improve their adhesion, chemical resistance, and overall
durability. These coatings are also a popular choice for corrosion protection because they are
effective, easy to apply, and affordable. They work primarily by creating a strong barrier that
prevents corrosive substances like water, oxygen, and chloride ions from reaching the underlying
material.

Polyurethane can be applied as a polymeric coating in sprayable self-healing paint systems,
demonstrating outstanding healing capabilities. However, the monomers that are used are linked
with aromatic or aliphatic disulfides of various molecular weights, which can reduce the healing
efficiency of the coatings due to decreased molecular mobility and low surface energy [18]. Capsules
with a shell of poly (methyl methacrylate) (PMMA) and a core of ionic oligomeric
polydimethylsiloxane (PDMS) can also be used, in combination with an epoxy coating, for corrosion
protection [19]. A self-healing polyurethane-acrylic coating can also be employed to address
structural defects arising from internal stresses during curing.

Epoxy coatings can be used for anti-corrosive protection, but their brittle nature, the propagation
of microcracks, and their limited self-healing capacity present a challenge [20]. A synergistic strategy
can be employed that combines active solvents (1,4-butanediol diglyceryl ether), hydrogen bonding,
and flexible polyurethane (PU) segments, with the aim of developing an advanced self-healing
hybrid resin [20]. Chitosan can be used as a shell material with an oil core to create self-healing and
antibacterial microcapsules for wood coatings, significantly improving the coating’s performance by
2% [21]. Lastly, a smart water-soluble coating can be employed, featuring photochemical self-healing
and anticorrosive properties, using plant-acid-doped polyaniline (PANI), which functions both as a
photothermal conversion material and as a green anticorrosive filler [22].

3.2. Inorganic Coatings

Inorganic coatings, including oxides, silicates, nitrides, and phosphates, are favored for their
durability in harsh conditions. They offer exceptional hardness, thermal stability, and chemical
resistance, which is the reason they are important for high-temperature and marine environments.
These coatings work by forming a dense, strong layer that acts as a powerful barrier against corrosion,
oxidation, and wear. Recent advances in technologies like nanostructure and sol-gel fabrication have
allowed for the creation of even better coatings with enhanced adhesion and multiple protective
functions.

A ceramic coating with chemically bonded phosphate (CBxPA) can be prepared via a two-
component spray, exhibiting both corrosion resistance and self-healing capability through water
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activation [23]. Liquid silicone resin can be used for crack self-healing in a ceramic matrix, which has
significant applications in high-temperature components such as turbine blades in aero engines [16].

Zinc phosphate also be used as a coating with self-healing properties, being a safe and
environmentally friendly additive capable of covering steel substrates [24-26]. Additionally,
magnesium phosphate cement (MPC) can be used as a green coating material due to its dense
structure and excellent adhesion. However, its naturally hydrophilic nature and poor water
resistance make it susceptible to penetration by water containing harmful ions, thereby limiting its
use as a coating material [27].

Some coating deposition techniques include Physical Vapor Deposition (PVD), where the
material is vaporized and deposited onto a surface to form a thin coating; Chemical Vapor Deposition
(CVD), which involves a chemical reaction of gases on the substrate resulting in the formation of a
solid material; and thermal spraying, which entails melting or heating powdered material and
propelling it at high velocity onto a surface.

3.3. Composite Coatings

Composite hybrid coatings can also be employed. Composite coatings blend organic and
inorganic components to create a highly effective protective layer. By combining materials like
polymers, ceramics, and nanoparticles, these coatings offer a mix of benefits, including mechanical
strength, corrosion resistance, and specific functions like self-healing or water repellency. The
versatility of their internal structure allows them to be customized for different applications,
improving their ability to act as a barrier, resist wear, and adhere to various surfaces. Current research
is concentrating on nanocomposite coatings, using advanced engineering to enhance their durability
and provide multiple functions.

Phosphate ceramic coatings with chemical bonding (FCBPC) modified with organic-inorganic
hybrid alumina nanoparticles (FAS-Al,O;3) can be prepared. The FAS-AlO3 can bond with AIPO, and
act as a binder, filling the gaps between ceramic grains, increasing the coating’s cohesion and
adhesion to the substrate, thereby limiting and/or extending the diffusion path of corrosive agents
within the coating. This results in enhanced corrosion resistance [17]. Organic-inorganic biomimetic
double-walled microcapsules with benzotriazole and linseed oil as core materials can be used in the
field of anticorrosive coatings [28].

Other microcapsules that can be employed to promote self-healing in epoxy coatings include
poly(urea-formaldehyde-melamine) microcapsules containing dehydrated castor oil (DCO) [29] To
enhance epoxy systems, BPPM nanosheets, which possess multiple active sites within the coating
matrix, can be added [30]. Finally, hybrid TiO,/SiO, microcapsules can be employed, offering not
only self-healing but also self-cleaning capabilities. TiO, serves as a photocatalyst, while SiO,
functions as the shell, and linseed oil can be used as the core [31]. All the above exhibit excellent
anticorrosive performance, and the self-healing properties of the coatings employed were
significantly enhanced. Furthermore, the composite microcapsules demonstrated desirable
morphology, good thermal stability, and improved mechanical strength.

4. New Generation of Surface Coating Materials

The new generation of surface coating materials is designed to move beyond passive protection
and deliver active, multifunctional performance. These advanced coatings often use nanomaterials,
smart polymers, or materials inspired by nature to provide features like self-healing and adaptive
barrier functionality that respond to their environment. Sustainability is a major focus, with a push
toward eco-friendly formulas and a reduction in toxic chemicals. These innovations aim to extend
the life of products, lower maintenance costs, and meet the high demands of future industrial and
military applications. In this section, there will be an analysis of the new generation coating materials
as well as their use in different applications (Figure 3).
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Figure 3. Surface coating materials.

Thermal spraying coatings like Zn, Zn-15Al. Al and Al-5Mg can be combined with paints,
elevating their anti-corrosion properties However in areas that have been damaged, the corrosion
can start easier [32]. Conventional materials like hydroxyapatite or Ti6Al4V can be used in biomedical
applications, due to their biocompatibility. Their ideal density is something that should be studied,
since the thinner layers exhibit better adhesion to substrates, but lack in resistance. The density
should be appropriate, to balance mechanical strength and flexibility, preventing brittleness while
maintaining adequate protection [33]. For the same applications, amorphous calcium phosphate
(ACP), or a non-crystalline CaP compound can be used, with the downside that they might degrade
quickly [34,35].

Zinc-rich polyester powder coatings with iron phosphate can be used as protective coatings
against corrosion, even though they have several disadvantages such as their toxicity and
environmental impact (Figure 4) [36]. In addition, traditional insulation materials can be utilized,
which also have many disadvantages such as their limited thermal insulation properties and their
insufficient durability [37]. Such materials are polystyrene foam insulation boards, phenolic resin
foam materials and rock wool insulation materials, that are susceptible to deformation and emission
of toxic gases under high temperatures which poses safety risks. Furthermore, their insufficient
moisture resistance and relatively short lifespan have emerged as significant challenges in their
applications [38].
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Figure 4. Schematic representation of powder coatings fabrication process containing iron phosphide,

reproduced with permission [36].

Moreover, metal hydride coating technology is also often used in materials used for hydrogen
storage, due to their large storage capacity. However, current coating technology faces challenges in
terms of uniformity, stability, and scale-up [39]. Finally, edible polysaccharide-based films and
coatings have attracted attention in the food industry in recent years due to their green,
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environmentally friendly, and non-toxic food packaging materials, delaying the ripening of fruits
and vegetables [40]. However, they face limitations in antioxidant properties, antibacterial efficacy,
and overall stability [41,42]

4.1. Self-Healing Coatings

For self-healing coatings, polymeric, composite and smart materials are often used. They can
successfully repair cracks or damage without external intervention, and they can be activated by heat,
light or chemical reaction. They can be used as additives in paints, for protective layers, electronics
or aerospace.

Epoxy coatings are widely used for corrosion protection, especially for marine corrosion.
However, the problems of brittleness, microcrack progression, and poor self-healing properties are
yet to be addressed. So, a synergistic strategy by development of a high-performance self-healing
hybrid resin is achieved by combining reactive diluents (1,4-butanediol diglyceryl ether), hydrogen
bond interactions, and flexible polyurethane (PU) domains were created. The results indicated that
the epoxy equivalent weight increased self-healing efficiency by facilitating chain mobility [15].

There is also a new smart coating, with the ability to selectively release the corrosion inhibitors
and repair the mechanical damage. Once the corrosion begins, the polymer releases the corrosion
inhibitor and cerium, that later forms insoluble cerium oxides or cerium hydroxides on cathodic sites.
So, this is also a new surface coating material that has self-healing, anti-corrosive properties, that is
also pH responsive [43].

Low-carbon steel surfaces can have improved corrosion resistance by modifying a commercial
epoxy coating by adding microcapsules. These microcapsules can be composed of a poly (methyl
methacrylate) shell and a core of ionic polydimethylsiloxane (PDMA) oligomers. Then, these
microcapsules were incorporated into the matrix of the epoxy coating. The corrosion protection
abilities were highly improved [44].

Waterborne epoxy (EP) coatings are generally an excellent protection against corrosion.
Traditional waterborne epoxy systems, however, face many challenges like weak interfacial bonding
between functional fillers and the resin matrix, compounded by nanoparticle agglomeration during
physical blending, reducing the long-term durability in harsh conditions. To solve this problem,
incorporation of BPPM nanosheets can be done, enhancing the interfacial compatibility and the
crosslinking density of the EP-based coating, through the phosphate and the amino groups on the
nanosheets. The results indicated that this coating exhibits excellent self-healing properties, making
it suitable for long-lasting applications [45].

4.2. Thermal Insulating Coatings

Another type of coating is the one with thermal insulating properties. Aerogels, ceramics, or
even composite types of materials can be used for these coatings. They usually have low thermal
conductivity, and can be used in applications like construction work, aerospace, and energy efficient
buildings. High-performance silica aerogel (5iO2aerogel) can be used as a thermal insulation coating,
due to its excellent thermal insulation ability. When the mass ratio of hollow glass to 5iO2 aerogel
microspheres is 1:1, the overall performance of the coating was the best with good thermal
conductivity [46]. Aerogels SiO:are porous materials with an internal network structure replete with
gas and a solid appearance, with extremely low density and outstanding thermal insulation
capabilities [37].

Epoxy resin-based coatings can enhance their thermal insulation properties, with a prefabricated
zirconium-doped silicone (ZAS) resin, and then a Si/Zr/P/N/Al multielement synergistic system for
flame retardancy and thermal insulation was created. A comprehensive analysis that had been
conducted on the impact of varying Zr and Si doping amounts on the flame-retardant and thermal
insulation performance of the coatings indicated their excellent performances [47]. A high-
performance nanocomposite paint-based coating can be derived from naturally occurring and highly
insulating layered vermiculite. Samples that were coated with vermiculite/epoxy nanocomposite
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paint indicated their resistance to thermal degradation. Ultra-thin vermiculite in nanocomposite
coatings, can be fabricated and used due to their low thermal conductivity in thermal insulation
systems [48].

A new heat insulated coating combined antimony-doped tin oxide (ATO) and cesium tungsten
bronze (Cso3sWOs) was created and used in different glass samples, to enhance the cooling of the
buildings. As a result, this coating can effectively reduce the solar heat gain, while the indoor
daylighting illuminance was kept at a high level. This can save up to 9.5% of the building energy, if
the coating is applied to south facing clear glass windows [49]. Moreover, a transparent Al doped
ZnO (AZO)/epoxy composite can be used as a glass thermal insulation coating, by incorporating AZO
nanoparticles into a transparent epoxy matrix. Results showed the excellent thermal insulation
property of this coating [50].

4.3. Antimicrobial Coatings

Nanomaterials and polymers with cations can be used for antimicrobial coatings, due to their
ability to inhibit or destroy microorganisms through contact. Hospitals, public spaces, biomedical
devices or packaging, can benefit from these kinds of coatings [51]. To prevent Staphylococcus aureus
and Pseudomonas aeruginosa, a derivative of hyaluronic acid (HA) and diethylenetriamine (DETA)
was created. This selective derivative was used to set up a green fabrication procedure for HA-DETA
capped silver nanoparticles with the aim to achieve a polymeric based coating with potential

application in the treatment of medical devices associated infections. Results indicated the good
antibacterial and antibiofilm activity of the HA-DETA/Ag nanocomposites [52].

Moreover, a new biofunctionalized nanosilver (ICS-Ag), employing itaconyl-chondroitin sulfate
nanogel (ICSNG) as a synergistic reducing and stabilizing agent was created, to effectively eradicate
microbial infections and biofilms formation. This can be used for medical devices, since they can be
a place where dangerous microbes can grow. So, the nanogel can be used as an antimicrobial coating
for medical devices, due to its excellent antibiotic and antifungal capacity, as well as its good
biocompatibility [53].

For common-touch surfaces, an antimicrobial coating can be deposited on a generic adhesive
film (wrap), and then this wrap can be attached to the touch surface. This can be done through two
antimicrobial wraps with an active ingredient of cuprous oxide (Cuz0), with two different binders,
one based on polyurethane (PU) and the other based on polydopamine (PDA). These wraps can be
removed and replaced as well, used for aesthetic or protective purposes [54]. The antimicrobial
coatings exhibit a delivery peak release of the antimicrobial agent at an early age, losing their
antimicrobial activity over time. So, a novel geopolymer paint with long term antimicrobial activity
was created, based on natural zeolite with silver and copper ions. This coating is very promising, due
to its antimicrobial and antifungal properties, and can be applied against the spread of diseases and
pathogens [55].

4.4. Hydrophobic Coatings

Hydrophobic coatings can be used for self-cleaning surfaces, photovoltaics, or textiles, and they
are fabricated from polymers. They have the ability to repel water and to reduce wetness and they
are resistant to ice and dirt. Hybrid microcapsules TiO2/SiO: with self-cleaning and self-repairing
capabilities can be used to extend the service life of decorative coating by repairing micro-cracks with
self-healing microcapsules, while giving them hydrophobic self-cleaning and photocatalytic self-
cleaning functions [31].

Magnesium phosphate cement (MPC) is a green coating material, with excellent adhesion and
dense structure. However, it is naturally hydrophilic, making it susceptible to infiltration by water
containing harmful ions, limiting its application as a coating material. So, polvdimethylsiloxane

(PDMS) can be used, and new PDMS-modified MPC coatings can be created. These coatings are
hydrophobic, due to the cross-linking reaction between PDMS and MPC, which lowers the surface
energy through chemical modification [27].
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4.5. Conductive Coatings

Finally, the conductive coatings can be used in electronics, clean rooms and screens, due to their
ability to disperse or remove static charges and to their high electrical conductivity. Graphene,
carbon nanotubes and conductive polymers are some of the materials that can be used for these
coatings.

A new type of intelligent water-borne coating was developed, with photothermal, self-healing
and anti-corrosion properties. Phytic acid (PA) doped polyaniline was used as the photothermal
conversion material and green anti-corrosion filler. The doping of PANI by PA improved the
dispersibility of PANI in waterborne coatings. These coatings exhibit both self-healing and excellent
anti-corrosion performance to elongate the service life of the coating [22].

Waterborne polyurethane (WPU-SS)/ liquid metal (LM) composites have been discovered, that
have high strength and excellent self-healing efficiency. Elastomers that exhibit these characteristics
are rare. This enhanced mechanical, thermal, and electrical performance makes WPU-SS/LM
composites promising for applications in conductive elastomers and dynamic switches [56]. Table 1
tabulates the different types of surface coating materials.

Table 1. Types of surface coating materials.

SELF-HEALING COATINGS

Type of . -
Material Properties Applications Examples Ref.
Repair cracks or Paints, protective
damage without > P [15,57]
Polymers, . . coatings, . .
. external intervention, . Epoxy resins with ~ [58,59]
composites, smart . . transportation, .
. activated by heat, light or . microcapsules [19,60]
materials . electronics,
chemical [43,61]
. aerospace
reaction
THERMAL INSULATION COATINGS
Type of . -
Material Properties Applications Examples
N tructured ili 1
(aZ?(?SeIg)C re Low thermal Construction, f;:;?:roge S [46]
g' ! conductivity, high IR/UV aerospace, energy . . [16]
ceramics, .. .. o1 microspheres, TiO,
. reflectivity efficient buildings ) [37]
composites nanoparticles
ANTIMICROBIAL COATINGS
Type of . -
Material Properties Applications Examples
Hospitals, publi Sil
Nanomaterials (Ag, Inhibit or destroy ospitals, piblic 1VET OF coppet
. ] spaces, nanoparticles, ZnO, [51]
Cu, ZnO), polymers microorganisms through . .
. . . packaging, cationic [21]
with cations contact or ion release ) .
medical devices polymers
HYDROPHOBIC COATINGS
Type of . -
Material Properties Applications Examples
Repel water and Self-cleaning Fluoropolymers
Nanostructured p surfaces, . POy g [30,31]
reduce wetness, . silicone
polymers . . ., photovoltaics, . [23]
resistance to ice and dirt . nanoparticles
fabrics
CONDUCTIVE COATINGS
Type of . -
Material Properties Applications Examples
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Graphene, CNTs, - Dispersion or Electronics, clean ~ PEDOT:PSS,
conductive removal of static charges, . [22,56,62]
. . rooms, screens CNT-based films
polymers electrical conductivity

5. Comparison of the Surface Coating Materials

Nowadays, there are many coating materials. There are criteria for the final decision of the
surface coating material that will be used, choosing among the conventional or the smart ones, or the
type of materials that will be used, like energy efficiency, lifespan, performance, cost or even the ease
of the application. Furthermore, the specific needs of each industry or product often determine the
most appropriate choice, as each application presents its own challenges. Therefore, the process of
selecting surface coating material requires a combination of technical performance, cost-effectiveness
and long-term sustainability.

5.1. Coating Comparison

In terms of cost, low-cost materials are more ideal for mass applications, as they are economical
solutions in industry, whereas high-cost materials are used in applications that high precision and
performance are necessary. Surface coating materials of high performance and durability like
nanomaterials or microcapsules are used for advanced applications, and smart coatings (Figure 5)
[63-67]. Almost every material is applied by coating or spraying while some function as additives in
polymeric matrices [58]. For anti-corrosion protection of metals, materials like BPPM nanosheets,
biomimetic capsules, zinc phosphate and TiO./SiO; can be utilized due to their active protection and
their multilayer defense. [68-70].

Classification of self-healing coatings

1. Based on Healing Mechanism 3. Based on Trigger Mechanism

> Intrinsic Self-Healing Coatings > pH-Activated Systems
*Thermoplastic Polymers c O - |:> > Theirma]ly Ac.t'ivated Systems
‘Thermoset Polymers with > Moisture-Activated Systems
Reversible Bonds gt > UV/Light-Activated Systems

» Extrinsic Self-Healing Coatings f

v

+«Capsule-Based Systems oA 4. Based on Material
e 2 oq

ascular Systems . <j f%n%'@é‘ (;omposnl.on )
*Phase-Separated Healing T > Polymeric Coatings
Agents B ! > Metallic Coatings

> Ceramic Coatings

@ @ B Ap.p.li.cationsand Functional
— e Specificity
@ > Functional Coatings

> Protective Coatings

2. Based on Healing Agents
» Inorganic Healing Agents
» Polymer-Based Healing Agents
> Hybrid Healing Agents

Figure 5. The classification of self-healing coatings [71].

For environmentally friendly coatings, chitosan or polyaniline with phytic acid and MPC can be
used, since they are not toxic. Microcapsules PMMA/PDMS, DCO and biomimic microcapsules have
self-healing properties, due to their active recovery of their functionality[72-78]. Moreover, for
surface coatings on building materials, due to their compatibility with the mortars, MPC or zinc
phosphate can be utilized, to improve the lifespan of substrates [79]. Finally, high-performance
multifunctional coatings can be obtained, due to the combination of anti-corrosion mechanical and
thermal properties. Such coatings can be either hybrid capsules TiO,/SiO,, FCBPC with pe FAS-ALOs
or nanosheets BPPM [30,80-84]. In Table 2, there is the comparison between some of the materials
that were mentioned in this review paper.
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Table 2. Comparative table between coating materials.
COMPARATIVE TABLE
APPLICATION ENVIRONMENTAL
MATERIAL COST PERFORMANCE METHOD IMPACT
Excell
Polyurethane Medium xceflent Spraying -
performance
PMMA and PDMS . Evaporation of
High  Good performance solvent after -
capsules P
emulsification
Polyurethane-acrylic Medium Good Spraying / coating Moderate to low
Epoxy coatings High Very good Spraylr}g / Potentially harmful due
spreading to solvents
Chitosan Low Average Dip or dip EnVlro.nmentally
friendly
Polyamhne‘(PA‘NI) Medium Good Solvent coating or Green option
with phytic acid spray
BxPA i
¢ Xcoatiilgmlc Medium Very good Dip / Spraying Low
i D le —
Liquid silicone resin ~ High Good Coatmg / u.rab © moc.lerate
spreading environmental impact
. Addition as
Zinc phosphate Low Good L . Moderate
additive / paint
Magnesium
phosphate cement Low Average Use Caosartx;r(:rtar / Green additive
(MPC) &
FCBPC with FAS- . . . Sustainable — depends
High
ALO, ig Very good Spraying / Coating on nanoparticles
Biomimetic
Frero capsul'es High Excellent Encapsul'atlon m Green technology
(benzotriazole, linseed coating
oil)
Poly(urea-
formaldehyde- e
melamine) Medium Very good Addition m Moderate
. . polymer matrix
microcapsules with
DCO
BPPM nanosheets High Excellent Coating Not yet fully evaluated
TiO2/5iO2 hybrid . Encapsulation in Moderate - dePends on
. High Very good . . nanoparticle
microcapsules coating / paint .
concentrations

5.2. Conventional and Smart Coatings

Metallic coatings are simple, effective, and successfully limit contact between metals or alloys
and corrosive media. However, the degradation of the coatings allows corrosive agents to penetrate
the surface of underlying metals and alloys causing material failures due to corrosion, such as cracks
and delamination at the interface area [85-87]. Thus, smart coatings have been developed that can
detect invisible microscopic corrosion from below and may even have self-repairing capabilities [62].
Over time, coatings inevitably fail. On aircraft, organic coatings will degrade or be damaged during
use, particularly in marine environments with high salinity, temperature and humidity [88].
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Corrosion Protection

Biocompatible

Figure 6. Conventional and smart coatings.

Furthermore, conventional protective coatings are an easy solution for preventing corrosion on
metals, [89-91] but as mentioned before, these coatings can be damaged due to mechanical damage
[92]. Thus, smart anti-corrosion coatings were created to solve this problem, which provide for the
early diagnosis of corrosion before it has time to form (Figure 6) [93-95]. Smart sensing coatings have
a limited lifespan due to the use of fluorescent compounds, which also have a limited lifespan. This
increases the cost, as the rate of renewal of these compounds in the coatings increases. This means
that coatings with a high lifetime must be found for long-term applications [62].

Conventional coatings also most often break easily and microcracks are created, which are easily
corrected with smart coatings with self-healing properties. This is easily done by incorporating
factors that enhance this property [96]. Finally, most damaged coatings require replacement, which
is often difficult and expensive. Therefore, smart coatings with self-healing properties are essential
[97]. Table 3 tabulates the characteristics between conventional and new smart materials, baes on
criteria like cost, lifespan, environmental impact, energy efficiency, the ease of the application and
finally the performance.

Table 3. Comparison between conventional and smart materials.

Criterion Conventional Materials New (Smart) Materials

. . High: increased due to
Low: economical choice for mass L2,
Cost specialized compounds, e.g.,

use
fluorescent

Limited: susceptible to wear, High: can detect early corrosion
especially in harsh environments and self-repair
More sustainable in the long

Lifespan

. High: need frequent replacement term: fewer replacements, but
Environmental Impact )
and produce waste sometimes complex compounds

are used

. . Dynamic behavior: active
No active management: passive

Energy Efficiency . response to stimuli and
protection .
environmental changes
More complex: requires special
.. Very easy: widespread coating p qHITes Sp
Ease of Application . technology and application
techniques .
conditions
Good initially but decreases over Very high: intelligent detection
Performance . , . .
time or with damage and self-healing of microcracks
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Based on Table 3, it may be remarked that smart surface coating materials exhibit many
advantages and innovations compared to conventional ones, especially in anti-corrosion protection.
Their performance is excellent, since they have the ability to detect corrosion in early stages. At the
same time, they incorporate self-healing properties, thus extending their functional duration. The
cost is initially higher compared to conventional materials but is ultimately offset by the reduced
need for maintenance and replacement that conventional coatings require. This also helps with the
environmental impact of these materials in the long term, due to their increased durability and thus
the reduction of waste. Finally, their rapid response to environmental changes makes them the best
choice in terms of sustainability and reliability, in critical applications such as aeronautics but also in
applications in marine environments.

6. Technical Specifications

These surface coating materials should have certain characteristics to be used in applications.
First, the microcapsules should cover the healing agent and be compatible with the coating matrix.
Also, they should be stable under different environments, and they should respond to changes of
stimuli. This is happening to prevent the repair agent from running away [98]. They should have the
ability to respond to stimuli, as the self-healing agent can be released depending on changes in
environmental conditions, such as pH [99-101] or changes like mechanical failure [102].

When it comes to coatings for anti-corrosion protection, it is important to use sustainable and
non-toxic materials. These materials help reduce environmental impact while maintaining effective
protection of metals. Additionally, advances in nanotechnology and hybrid composites allow for
enhanced durability and multifunctional performance in harsh environments (Figure 7) [71].

HNT loading
Released inhibitor
interact with
21
HNT Inhibitor solution /\ . o
Dispersion 7 ce
ed
@ £

0.5% loaded HNT Chitosan solution
Coating preparation

Dip-coating
—

Figure 7. Sustainable smart coating of chitosan, halloysite nanotubes (HNT) and phenolic acids for corrosion

Al Alloy

protection of Al alloy, reproduced with permission [71].

Photochromic materials are smart materials that change color when exposed to UV radiation,
finding applications in lenses, plastics, and fabrics. They possess important properties such as fast
response times, excellent reversibility, and the ability to undergo multiple cycles without significant
degradation. These features make them highly versatile for protective coatings, adaptive textiles, and
optical devices [103]. In addition, smart coating materials should have small size and strong
photoinduction ability, to be suitable for building blocks for complex optical tools [104]. Other
important properties of these materials include their ability to self-repair damage and cracks, as well
as respond to environmental changes, which further enhances the effectiveness of their protective
functions [61].

Coating materials with self-healing properties should combine high flexibility with excellent
adhesion to the substrate to ensure both durability and effective protection. Additionally, these
coatings must be resistant to environmental factors such as moisture, temperature fluctuations, and
chemical exposure. Their ability to maintain structural integrity under stress ensures long-term
performance and minimizes maintenance requirements [105]. Microcapsule materials need to have
chemical and mechanical resistance, sufficient loading capacity, an impermeable shell wall to prevent
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leakage of the incorporated substance, the ability to detect corrosion, and the ability to provide
sustained release of the active substance when needed, as mentioned before [106].

7. Challenges to be Faced

7.1. Durability and Wear Resistance Issues

The surface coating materials often face problems with long term and chemical stability. First of
all, the repeated contact with abrasive surfaces or particulate matter gradually weakens the coating.
Even strong coatings can be prone to micro-scale wear, lowering the after all efficiency and functional
performance [3]. Also, the protection can be compromised due to cracks. Ceramics and other brittle
coatings may be damaged, even if they ae highly resistant. Some other times, repeated impacts lead
to degradation that is not noticeable, until the catastrophic failure occurs [107].

Moreover, high or low temperatures may affect the substrate, making it expand, and this
generates stress. This thermal fatigue can cause cracking, particularly if the coating has elastic
modulus (Figure 8) [108]. High-temperature coatings used in applications like turbines, must balance
thermal stability with mechanical compliance.

L’ T On
—] i
00 o 00
(c) Stress illustration
TC
BC —) —)
substrate
(a) Original state (b) Cracking (d) Spalling

Figure 8. Illustration of the spalling process of the Atmospheric Plasma Spraying Yttria Stabilized Zirconia
coatings: (a) The original state of the coating (TC: topcoat, BC: bondcoat). (b) The cracks in the coatings. (c) The
interfacial stress in the coatings near the cracks. (d) The spalling of the coatings due to the interfacial stress, [109].

Polymeric bonds might break down after exposure to UV radiation leading to surface cracking.
If exposure is prolonged, then the hardness reduces, and so does the resistance in outdoor
applications [110]. Acidic or alkaline environments can erode the protective coatings as well,
especially the polymeric layers. Also, salt, humidity and industrial chemicals accelerate the wear
[111]. The porosity, microcracks and the voids in coatings are also weak points, making the coating
prone to cracks, accelerating the total failure of the coating. Poor adhesion between the coating and
the substrate may lead to failure under stress as well [112].

7.2. Environmental and Health Hazards

Most of the time, toxicity may come from the solvents, or the heavy metals in traditional
coatings. Many conventional coatings rely on volatile organic compounds (VOCs) for applications.
VOCs evaporate into the atmosphere, and this can cause air pollution [113]. Chronic exposure can be
catastrophic, causing respiratory problems. Coatings often contain lead, chromium, cadmium and
other heavy metals, that are really toxic to humans and animals. Leaching can contaminate the water
and food chains [114].
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Epoxy resins and other curing agents can also be toxic, causing allergies or asthma. Moreover,
many coating compounds are non-biodegradable, and residual from spraying, wash or even
discarded coated materials persist in soil and water, making the contamination worse [115]. Spray
and brush applications expose workers to airborne chemicals and dust. Long-term effects like lung
disease are very common. Certain chemical coatings and VOCs release greenhouse gases during
production. This can cause environmental problems. Studies should be heading towards a more bio-
based approach of coating [116].

7.3. Cost and Scalability Constraints

Surface coating materials are expensive, due to the precision and the specific materials that are
needed. Advanced coating materials, like nanocomposites or special polymers, often require
expensive raw materials [117]. If there is a need for rare metals, nanoparticles or functional additives,
the production cost increases significantly.

Sometimes, the techniques that are used are expensive, like CVD, thermal spraying, or plasma-
assisted deposition consume large amounts of energy [118]. Moreover, high temperature, vacuum or
other conditions add to the general cost, as well as specialized deposition equipment like spray
systems, vacuum chambers and their maintenance expenses [119]. Skilled operators are often
required, for precise control over the coating thickness and uniformity, and trained personnel are
also required. Eco-friendly alternatives must be used, to replace the hazardous ones, and they are
more expensive than the regulars (Figure 9) [120].

plasma gun

power supply and control system

Figure 9. Schematic diagram of the supersonic plasma spraying system [120].

7.4. Adhesion and Compatibility Challenges

Another challenge that surfaces coating materials face is the poor bonding with certain
substrates or multi-material interfaces. Firstly, differences in chemical composition between the
substrate and coating material can lead to poor bonding making the coating prone on breaking [121]
Contamination or hydrophobic surfaces often reduce the adhesion. Smooth surfaces may prevent the
mechanical interlocking, and this can also weaken the adhesion. Stress can be caused by excessive
roughness, promoting the coating delamination [122].

Unfortunately, some polymers or composites chemically react poorly with metals or ceramics,
and this incompatibility can result in micro-cracks and even interfacial separation. Adsorbed water
and humidity can interfere with the interface. UV light or exposure to aggressive chemicals can
degrade the coating, as mentioned before [123].
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The thickness of the coating is very important. Very thin coatings may fail to cover
imperfections, reducing adhesion, but extreme thick coatings can accumulate internal stress that
compromises the general stability [124]. Mechanical stress like vibration, bending or abrasion can
limit the service life of the coating. Low flexibility coatings may crack under mechanical load. This is
something that can happen over time as well, since the long-term environmental exposure can lead
the coating to break down [125].

7.5. Aesthetic Longevity

Finally, the coatings face some problems related to the aesthetic longevity, like color fading or
surface roughening over time. Aesthetic longevity is very important in terms of surface coatings,
since most of the time is the outer layer of the bulk material [126]. Especially in paints and other
applications of this kind, this is very crucial. UV radiation and sunlight exposure can affect the color
stability, Environmental conditions or chemical exposure can cause the lack of gloss, that is very
important in some applications [127].

Chemical reactors sometimes change their color due to oxidation or hydrolysis. This is causing
the coating material to fade. Moisture, acid rain, and others can accelerate this process, especially
outdoors. Physical wear, including scratches, scuffs, and abrasion, can diminish the surface
uniformity and overall visual appeal of coatings [128-130]. Moreover, Environmental factors such as
temperature fluctuations, humidity, salt exposure, and acid rain can degrade coating surfaces.
Outdoor coatings are especially vulnerable to these stresses, while indoor coatings generally
experience more controlled conditions [131-134].

To prevent the costings from these, UV absorbers, antioxidants, and nanoparticle additives can
be added, to significantly enhance aesthetic longevity. These additives prevent pigment degradation,
inhibit chemical reactions, and protect resin matrices from breakdown [135,136]. Innovations in
additive technology have allowed coatings to maintain gloss, color, and surface smoothness for
longer periods, even in harsh environments. Also, proper maintenance is important. This includes
gentle cleaning and avoidance of harsh chemicals. Regular inspections and timely removal of
contaminants such as dirt, mold, or corrosive substances prevent surface damage and fading.

8. Future Potential

These coatings are used due to their exceptional effectiveness in sectors such as aerospace, where
the dissolution of the material brings economic risks, as well as safety hazards. Their market demand
is also increasing with the prospect of revolutionizing other sectors as well, such as the automotive
industry, electronics, medicine, the energy sector, and building materials [137,138]. There are also
innovative approaches such as supramolecular valve technology, where supramolecular valves were
introduced and investigated for more effective protection [60,65,139,140].

Future research can focus on the development of external nanocapsules embedded in
metamorphic coatings. Research to evaluate and compare different self-healing metamorphic
coatings is necessary, under real operating conditions. This could contribute to the development of
specific metal substrates, thus leading to more effective coatings. Innovative self-healing ceramic
coatings have also been developed through extrinsic or intrinsic approaches to crack healing
[57,58,141]. These studies suggest that the development of self-adhesive coatings on a commercial
scale will revolutionize the coatings market in the coming years. More research should be conducted
to optimize the parameters, depending on the type of coating, whether polymeric, inorganic or
organic. This will achieve continuous self-healing and an extended lifespan of the coating [61].

Furthermore, combined advantages of active corrosion protection and corrosion detection
capability can be incorporated into the same coating. This allows rapid identification of the area of
erosion as well as immediate self-healing through controlled release [142,143]. These coatings are
called sensing-self-healing hybrid coatings and there is a great need for their development on a
commercial scale. They could offer online monitoring in various industries such as aerospace,
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biomedical and chemical industries, and self-heal in areas where damage is detected, leading to
longer lifespan, reduced maintenance costs and increased safety.

Although smart coatings are particularly important and have a promising future in protection
against corrosion, pollution and wear, and while they act actively by detecting and healing damage,
reducing the need for human intervention, they also have certain problems. Their design complexity,
such as achieving the balance between self-healing effectiveness and protective barriers, is one of the
challenges that must be addressed in the future [144]. Self-reporting coatings have also attracted
interest recently. They are smart coating materials that have the ability to detect and “report” the
presence of wear or damage to the substrate (such as corrosion, cracks, mechanical stress) without
the need for external inspection [65,145].

Color indicators directly visualize corrosion, while fluorescent indicators require excitation by
UV radiation at a specific wavelength [62,146]. These coatings have been studied both with and
without the use of nano-/microcapsules. Although direct mixing of the tracer molecules with resin
can provide fluorescence detection, it carries the risk of undesirable effects, such as easy dissolution
of the tracer and uncontrolled outflow of charged tracers when the coating is damaged [147,148].
Further research is needed to address issues such as the optimization and use of appropriate
indicators for different environments as well as the stability of color signals.

Future studies can be conducted to develop corrosion detection coatings in opaque coating
systems. Issues such as the lifespan, cost, and environmental impact of these innovative coatings with
sensory characteristics also need to be examined more thoroughly and are a topic for future research
[149,150]. Some of the coatings have the disadvantage of adding external capsules, which
compromise the integrity of the coating and subsequently lead to loss of properties if the capsule
content is not precisely optimized.

For the optimization of the microcapsules that are used for the coating matrixes, micro/nano
carriers based on oxide nanoparticles, carbonaceous and two-dimensional (2D) nanomaterials can be
used [67]. These advanced coatings can increase the electrochemical impedance values of steel.
Moreover, biodegradable and non-toxic materials like chitosan and other biopolymers can be further
studied. However, it cannot act on its own against corrosion with great effectiveness, so its
functionality must be investigated through structural modifications, [151,152] (Figure 10) formation
of composite materials [153-155] but also the development of smart coatings [156,157]. This will
develop green coatings that are environmentally friendly and non-toxic.

Negative charged
HNT outer wall

Hydrogen Bond

Chitosan matrix

Figure 10. Schematic representation of the interactions between chitosan and halloysite nanotubes, reproduced

with permission [151].
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Furthermore, a future potential application can be the monitoring of the condition of the coating
and the repairing any damage that has occurred over time, in order to extend the maintenance cycle,
reduce operating costs and extend the lifespan of the structure [157] The construction of coating
systems based on shape memory polymers (SMPs), to enhance longevity and safety can be studied.
Organic coatings often exhibit problems and deterioration when exposed to corrosive chemicals and
aqueous environments. Shape memory polymers can be a solution to this problem. These polymers
can also be heat sensitive. This reduces the need to use large amounts of healing agents, thus
maximizing the effectiveness of restoration in larger damages [158].

9. Conclusions

In conclusion, smart coatings, in their ability not only to detect the first onset of corrosion but
also to heal the evolving corrosion or crack, present a point of interest in modern research. Different
types of coatings were discussed, such as polymeric, composite and inorganic, which belong to the
category of self-healing coatings. The characteristics and properties of the coatings were also
analyzed, and specific problems that need to be overcome were identified, while possible future
applications were discussed. Various materials that can be used for smart coatings were mentioned,
as well as application methods.

A comparative table was made based on cost, performance and environmental impact, where it
was concluded that polymeric coatings are easier to apply, have good mechanical properties, and can
be used for metal protection at low cost and in an environmentally friendly manner. Inorganic
coatings have excellent durability and chemical stability and can be used as substrates in
constructions and to replace heavy metals, while having the lowest cost. Finally, composite/hybrid
coatings have smart functionality and higher performance than other categories, and find application
in high technologies, where special conditions are needed, and are most suitable for use in
applications where self-healing properties are needed.

The new coating materials have many advantages in their use. Self-healing coatings, with crack
or damage repair properties, can be used in paints, aerospace, electronics and other applications.
Thermal insulation coating can be applied in energy-efficient buildings and building materials, due
to their thermal conductivity. Additionally, antimicrobial coatings with properties that inhibit or
destroy microorganisms can be used in hospitals or medical applications, while hydrophobic coatings
can repel water and be applied to self-cleaning surfaces and photovoltaics. Finally, conductive
coatings can be used in electronics due to their electrical conductivity.

They have advantages in terms of their high performance and their smart properties such as the
detection of early corrosion. Their cost is high, but as mentioned before, it is offset by the ultimately
reduced need for maintenance. They are more environmentally friendly due to their increased
durability, as this contributes to the reduction of waste, making them a more sustainable and reliable
solution, compared to conventional coating materials. They also have properties of rapid response to
environmental changes, ideal for special applications such as aeronautics. For the future, innovative
coatings with multiple self-healing properties, visibly permeable, can be manufactured, which are
based on hybrid inorganic-organic nanocomposites together with ionomers.
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Abbreviations

The following abbreviations are used in this manuscript:

2D Two-dimensional

ACP Amorphous calcium phosphate
AFM Atomic force microscopy
AIPO, Aluminum phosphate

ATO Antimony-doped tin oxide

BC Bondcoat

CBxPA Ceramic coating with chemically bonded phosphate
CVD Chemical Vapor Deposition
DCO Dehydrated castor oil

DETA Diethylenetriamine

EP Waterborne epoxy

FAS-ALOs; Phosphate ceramic coatings with alumina nanoparticles
FCBPC Phosphate ceramic coatings
HA Hyaluronic acid

ICS-Ag Biofunctionalized nanosilver
ICSNG Itaconyl-chondroitin sulfate nanogel
LM Liquid metal

MPC Magnesium phosphate cement
PA Phytic acid

PANI Polyaniline

PDA Polydopamine

PDMA Polydimethylsiloxane

PDMS Polydimethylsiloxane

PMMA Poly(methyl methacrylate)

PU Polyurethane

PVD (Physical Vapor Deposition)
SAMs Self-assembled monolayers
SEM Scanning electron microscopy
SiOz aerogel Silica aerogel

SMPs Shape memory polymers

TC Topcoat

VOCs Volatile organic compounds
WPU-SS Waterborne polyurethane

XRD X-ray diffraction

ZAS Zirconium-doped silicone
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