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Editorial Note

I am extremely delighted to publish a special issue of the Journal of Metallurgy and
Materials Science on "Specialized and Smart Coatings" to commemorate the completion
of 70years of CSIR-National Metallurgical Laboratory (NML).

The Journal of Metallurgy and Materials Science (JMMS), is one of the oldest journals
among Indian Metallurgical Journals, first published in 1959. Dr. Balraj Nijhawan, the
first Indian Director of the laboratory, conceived the idea of publishing a scholarly
journal in the fields of metallurgy and materials science. This Journal was earlier known
as the NML Technical Journal and in 2000, it was renamed as the Journal of Metallurgy &
Materials Science. MMS aims to provide a forum for communication among
metallurgists and materials scientists. All the important indexing and abstracting
services of the world devoted to materials science take cognizance of this journal.

I'am thankful to Dr. Suman Kumari Mishra, Chief Scientist, CSIR-NML, for her co-
ordination as the Guest Editor, in bringing out this special issue on "Specialized and
Smart Coatings", in which the state-of-the-art R&D knowledge by eminent researchers
working in this field are documented. I acknowledge with gratitude all the authors
featured in this issue, for contributing their research experiences and knowledge.

I'sincerely acknowledge the contribution of the editorial advisory board members and
the editorial team for their editorial services for improving the technical content and
overall presentation of this journal.

Indranil Chattoraj
Editor-in-Chief
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Foreword

am happy to put torward as Guest Editor of the special theme issue Specialised and Smart Coatings of
“Journal ot Metallurgy and Matenials Science (JMMS), CSIR-NML on the 70 years of CSIR- National
Metallurgical Laboratory. The coatings are very much required in many industrial processes as well as
general el life tor enhancing the performances of components, get different functional properties etc.

This special 1ssue discusses different important coatings as well review on important topics such as
corrosion-resistant, self healing, hydrophobic coatings, coatings for turbines, advanced steel coatings,
different engineering coatings by PVD process, techniques of understanding interfaces in water splitting
and other processes, vacuum furnace designing for industrial applications. I am sure these will enrich the
knowledge and help the researchers for deciding many applications and their plans for the developments
of advanced coatings.

| am grateful to all the contributors, who accepted the invitation for this special issue, which helped this

1ssue to be published.

Suman Kumari Mishra
Chief Scientist CSIR-NML
Guest Editor of this 1ssue
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A brief review on the development of self-healing, hydrophobic and antifouling
epoxy coating

S.S. ANANTHAPADMANABHAN, GEETANJALI MISHRA and SMRUTIRANJAN PARIDA’
Department of Metallurgical Engineering and Materials Science,
lndian Institute of Technology Bombay, Mumbai, India.

Abstract : Epoxy coatings are the most used industrial coating system. While corrosion resistance through the
barrier performance of the coating is well tested, the addition of multifunctionality is the new research objective.
The responsiveness of the epoxy coating to the mechanical damage will not only add to its barrier performance
but also delay the corrosion of the underlying metal. Such responsiveness of the coating is desired to manage
the maintenance schedule. Various methods tested to add the “self-healing” attribute to the epoxy coatings are
discussed. Surface modification to add hydrophobic character to the epoxy coating is also another functionality
for value addition and is useful in many applications. For marine applications, fouling resistance is very
important. Attempts made to develop anti-fouling epoxy coating are also reviewed. The brief review, giving a
broad overview of the research trend, is intended to give a way forward in the development of the epoxy coating.

Keywords : Epoxy coatings, self-heating, anti fouling coatings.

INTRODUCTION

To prevent corrosion damages of the metals exposed to various environments, the surface coatings are used
as a passive barrier between the metal and the atmosphere. However, the prevention power of such coatings
diminishes with time. In addition to this, the metal substrate can get exposed to the unfavorable atmosphere
due to the crack formation and damage of the coating surface. The corrosion damage of the metal substrate
can continue unnoticed under the cracks, as early detection of the latter in time can be difficult. So, there is
always a requirement of timely detection and maintenance of coating damages. Here comes the necessity of smart
coatings with self-healing phenomenon, which can help in “healing” the initial micro-cracks in the coatings, till
the maintenance is carried out, and thus, prolonging the life of the structure.

The self-healing is a property of a material to reform the structural integrity after undergoing the surface damages,
akin to the biological species which heal the damages like wounds on their own. In surface coatings, the self-
healing capability is achieved by intrinsic and extrinsic healing (Fig.1)!".. The intrinsic healing can be attained
by the physical or chemical interaction of the coating itself (Fig.1A). By blending the coating formulation with
another polymer which can form reversible bonds like hydrogen bond with the base material it is possible to
achieve the physical interaction. The chemical interaction involves the strong covalent or non-covalent bond
formation which results in healing. The intrinsic healing does not require any additional catalyst system but
requires external influences like the change in pH or change in temperature to trigger the healing process (=31,
The extrinsic healing mechanism involves the use of an “external” agent for the healing process (Fig.1B). The
“external” agents include the corrosion inhibitor encapsulated in a microcapsule or other types of nanoscopic
anchors'* 7). The main requirement for the extrinsic healing is that the “external agent” should be able to cover the
damaged area within an appropriate time. In the extrinsic healing crack repairing mechanism is not recyclable.

Recently research works to develop self-healing coatings are based on these mechanisms by using microcapsules,
hollow fibers, by blending with polymers, or by using the network structures. The major challenge is to develop
a self-healing coating without deteriorating the other coating properties.

* Corresponding Author Email : paridasm(@iith.ac.in
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Fig. I: Mechanism of the A) intrinsic and B) extrinsic self-healing in organic coatings

The superhydrophobic coatings surfaces are resistant to wetting with a water contact angle beyond 150° and
¢ shding angle below 10°. Such surfaces and coatings have undergone a century of development due to its
potenual applications® . The micro- and nano hierarchical roughness and low surface energy cause the
superhydrophobicity.'1'2) The superhydrophobicity also adds properties like self-cleaning, anti-fogging,
“nit-icing, antibacterial, corrosion resistance, etc!"'"), Therefore these surfaces have vast applications in the field
ol engineering, defense, and medical science. In the past decades, several routes have been adopted to impart
superhy drophobicity 1o surfaces such as electrodeposition, chemical vapor deposition (CVD), electrospinning,

plasma treatment. hthography, etc "2 The real-life applications of these coatings are challenged by their
inadequate mechanical strength! 212227,

Marine biofouling 15 4 well-known

problem in the sea-water environment, which is responsible for increased
hydrodynamic drag, bio-corrosion,

increased fuel demand, etc., posing danger in marine water operations”™’.
due 1o the settlement and growth of various algae, microorganisms, etc., undesirably, on
Foralong time, cco-friendly antifouling materials and methods are being researched
ouling without aflecting the marine ceosystem.

Marine biofouling oceurs
the underwaler structures,

0 stop and control the biof

A bnef overview of the rescarch works on the dev

clopment of the aforesaid types coatings based on epoxy resti
lor apphication on metals ‘

presented

SELE-HEALING FPOXY COATING

I'he self-healing prope ‘hieve . . - ,
the pol " l& '1“,’)“‘) > achieved by the use of inhibitor and the polymeric healing agents. The healing bY
1I¢ polvimernic heg ) AV enlts o ' R LTS
¢ pulymenc healing agents o proteet the surface use thermoplastic or thermosetting polymers. Since inhibitors

2 1-2,2020

J.MET. MATER SC., Vol. 62, No.



A BRIEF REVIEW ON THE DEVELOPMENT OF SELF-HEALING, HYDROPHOBIC...

protect the metal surface from cotrosion, most of the research focuses on incorporating an inhibitor in a smart
encapsulant, where the healing agent slowly releases at the damage. By the encapsulation method, microcracks

formed in the polymer film surface can be mended by the formation of a layer of healing agents, preventing
turther damage.

Inhibitor Based Healing Method

The most researched approach for the development of self-healing epoxy coating is based on the microcapsules
loaded with the corrosion inhibitors. The nano or micro containers are used to entrap the inhibitor in the core
of a shell and release at the damaged site in a controlled manner in response to the mechanical damage, the pH,
and temperature change. The uniform dispersion of the microcapsules and its controlled release are necessary
to achieve the proper healing. Both organic and inorganic nanocontainers are used for the purpose. The organic
containers for self-healing coatings include polystyrene (PS), polyurea formaldehyde (PUF), Polymelamine

formaldehyde (PMF) microcapsules, and cellulose nanofibers (CNF) 412?139, The inorganic containers include
halloysite nanotubes (HNT), and mesoporous silica (513133,

The research on the development of the encapsulated inhibitor-based epoxy self-healing coatings is discussed in the
following. One of the recent studies used graphene sheets containing porous polyhedral oligomeric silsesquioxane
(POSS) loaded with benzotriazole (BTA) in the epoxy composite coatings?®*. The spontaneous release of BTA
from graphene-based nanocontainers is the basis of the self-healing function, which works by the formation of the
adsorption layer of BTA on metal by its controlled release from the nanocontainer. In another approach Suwadee
et al., tried using organosilane modified nanosilica along with the microcapsule with self-healing functionality
for improved corrosion resistance of the epoxy coating®!. Perfluorooctyl triethoxysilane (POT), ethanolamine
(ETA), and diethanolamine (DEA) encapsulated in PUF shell are used as the inhibitors in self-healing coating.
Also added to the coating are nanosilica surface-modified with (3-glycidoxypropyl) trimethoxysilane and
(3-aminopropyl)t rimethoxysilane for the proper dispersion in the epoxy resin. The observation was that by the
addition of modified silica and POT, better self-healing is achieved due to the formation of silane base film by the
self-hydrolyzed reaction of POT in the aqueous environment and due to decreased permeability of the coating.

Odarczenko et al. made an inhibitor-based approach to develop the self-healing coating!®’. They encapsulated the
inhibitor lawsone (2-hydroxy-1,4-naphthoquinone) in the polyurethane (PU) shell to form the microcapsules and
are incorporated into the epoxy coating system. In this system, the mechanical damage results in the breakage
of microcapsules incorporated into the coating, thereby triggering the release of the inhibitor into the damaged
area. A solid protective barrier is formed due to the diffusion and evaporation of carrier solvent and the formed
layer passivates and protects the underlying steel substrate and the self-healing property to the epoxy coating.
By using this coating system, a 70% corrosion inhibition efficiency is reported. Kim et al. developed a pH-
responsive nanocapsule by encapsulating triethanolamine (TEA) inhibitor into the shell produced by the free
radical microemulsion polymerization of methyl methacrylate (MMA), methacrylic acid (MAA), and butyl
acrylate (BA) monomers'”). By EIS study it was found that when the change in pH occurs, the encapsulated TEA
was gets released into the damaged area and prevents the corrosion by forming a protective layer at the damaged
site. By incorporation of TEA inhibiting agents, corrosion inhibiting efficiency of about 85% is reported.

Nawaz M and his co-workers used dodecylamine (DOC) inhibitor and polyethyleneimine (PEL) as a healing/
inhibiting agent encapsulated in the cellulose microfibers (CMFs)*. By the synergic effect of DOC and PEL the
self-healing effect in the epoxy coatings was achieved. The self-release of PEI can be triggered by mechanical
damage and localized pH change. Sneha et al. has developed the inhibitor encapsulated nanocontainers by the
Pickering emulsion technique and used in the epoxy coating formulation to achieve the self-healing property.
The work used the 8-hydroxyquinoline (8-HQ) encapsulated graphene oxide- stabilized polystyrene (GO/PS)

JMET MATER SC., Vol. 62, No. 1-2, 2020
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nanocontainers. By the use of these nanocontainers, the work showed a 20% increase in the polarization resistance
at the scratched c(mling. demonstrating the self-healing property . Zhou C and his co-workers utilized zeolitic
imidazole framework-8 (ZIF-8) as the core material for inhibitor loading®". The ZIF-8 is a pH-responsive
material and can be triggered in both acidic and alkaline conditions. The corrosion inhibitor, benzotriazole (BTA)
arc encapsulated in the cavity and mesopores of hollow mesoporous silica nanoparticle (HMSN). The HMSN
is encapsulated by using ZIF-8 (HMSN-BTA@ZIF-8). The HMSN-BTA@ZIF-8 has compatibility with epoxy
resin due to covalent interaction and helps in the uniform dispersion of nanocontainers in the coatings. The BTA
forms the protective film in the scratched area, in addition to the hydrophobic nature of the filler, where improved
corrosion resistance and selt-healing capability of coatings was observed.

Demian et al. used the halloysite clay nanotubes (HNTs) loaded with inhibiting agents, benzotriazole (BTA),
and 2-mercaptobenzothiazole (MBT) and glutaraldehyde (CTS) polymer film encapsulation are given®™. The
BTA MBT inhibitors and HNTSs inhibitor enhanced the corrosion resistance by healing the crack developed
on the surface by release and adsorption of these agents. Huang et al. proposed a shape memory polymers
and dual-function microspheres based self-healing protective coating system®. The dual-function microspheres
consisted of polycaprolactone (PCL) and the corrosion inhibitor 8-hydroxyquinoline (8HQ). They used both
inhibitor and polymer healing methods to achieve the self-healing function. In this is a triple-action coating, first,
the release of inhibitor SHQ suppress the corrosion at the cracked area, secondly, the crack closure by the shape
memory polymer matrix, and third is the crack sealing by the melted PCL microsphere. They found that upon heat
treatment. self-healing property can be activated and improved corrosion resistance can be obtained.

Polymer Healing Method

In the polymer healing method, the crosslinking reaction between the monomer and the curing agent takes place
at the damaged site, and this cross-linked product retains the original coating property. Both thermosetting and
thermoplastic polymers can be used in this method. Thermosetting type polymers function by the crosslinking
reaction at the damaged location. In the case of thermoplastic polymer, a secondary phase or as a miscible phase
1s formed at the damaged site, and their healing process is activated by heat.

Several approaches have been made to develop a self-healing coating based on the polymer healing method.
Yuan D and his co-workers have conducted the study by using the thermoplastic polyurethane (TPU) and self-
healing is visualized by the help of SEMP’). They found that by using the TPU, the initial crack of 50 mm was
completely healed upon heating of system at 80 °C for about 10 minutes. The healing was due to the diffusion of
molten TPU into the damaged area to heal the crack. Yi. H et al. used the polyurea microcapsules embedded with
epoxy and tetraethylenepentamine (TEPA). The self-healing function of the microcapsules was demonstrated by
incorporating microcapsules into the epoxy coating and carrying out an accelerated corrosion test by immersion
into the salt solution. The study observed that in response to the crack, the core materials (epoxy and amine)
outflow from the microcapsules, forms a protective film by the crosslinking reaction. Yanxuan Ma et al. prepared
polyurea microcapsules with ethylenediamine (EDA) as the core material and incorporated them into the coating
system. By incorporation these microcapsules, it was found that the coating system has greatly repaired the crack
and exhibited excellent anti-corrosion performance. This was attributed to the release of the reactive isocyanates
and EDA at the crack due to the breakage of the encapsulating microcapsules. Then, the crosslinking reaction
bcl\yccn the released materials leads to the formation of the polyurea at the crack, which acts as a protective film
against the harsh medium!”.

Self-healing coating based on the epoxy ester from tall oil fatty acid and poly urea-formaldehyde microcapsules
were also proposed by several workers, The healing is achieved by the formation of a protective layer in the
damaged arca by the auto-oxidation and ¢poxy ester crosslinking reaction through a hydrogen bonding®’. Safael
et al. also conducted a similar study by using microcapsules of polyureaformaldehyde (PUF) and epoxy resin 85

J. MET. MATER SC.. Vol. 62, No. 1-2,2020
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the core substance!™!. The self-healing ability of the coatings was due to the release of the epoxy resin from the
broken microcapsules and the crosslinking reaction with the matrix’s hardener. Haddadi et al. reported the self-
heal ability of carbon hollow spheres (CHSs) encapsulating epoxy and polyamine incorporated into the epoxy
coating system. The CHS loaded with the film-forming agents healed by the formation of protective film at the
damaged site, released upon the breakage of microcapsules. The film formation takes place by the nucleophilic
<ubstitution ring-opening reaction between the amino hydrogens (NH) and epoxide groups of the epoxy chains™'"’.
0. Tezel et al. used polyurea-formaldehyde epoxy resin (PUF-epoxy) microcapsules to get the self-healing ability
to the coating formulation. The epoxy matrix used in the coating consists of the thiol end groups. The self-healing
is achieved by the formation of a protective film on crack as a result of the reaction between epoxy released from

the broken microcapsule and the thiol group in the epoxy matrix!*Z.

AM. Atta. et al. have proposed a self-healing coating using amino-functionalized smart silica composites and
nanoparticles from microgels prepared from N-isopropylacrylamide-co- vinyltrimethoxysilane (NIPAM-VTS),
retracthoxysilane (TEOS), and 3-aminopropy! triethoxysilane (APTS) by a hydrolyzing process!*’. For amino-
functionalized NIPAM-VTS-polysiloxane, the self-healing capability was due to the formation of the film with a
hvdrophobic network by the crosslinking reaction between amino-functionalized silica functional groups and the
amide groups of NIPAM. This film is observed to have hydrophobic and anticorrosive characteristics. T. Chen, et
al. has proposed the polyurea-urethane/epoxy polymer blends for the self-healing coating. The coating properties
are improved by the reaction between maleimide groups in the furan group terminated thermoplastic polyurea-
urethanes (FTPU) and furan groups in epoxy oligomers. In addition to these reactions, the reversible disulfide
bonds in FTPU also assists the healing process. By this system, about 80% of healing efficiency was reported ™.
Yuan D et al. also proposed a similar type of polymer blend approach for the self-healing coating development ©.
They blended the giglycidyl ether of diphenolate esters (DGEDP) based epoxy with thermoplastic polyurethane
(TPU) prepolymers to prepare the self-healing coating. By using the lower molecular weight TPU, a miscible
blend was obtained, which formed a flexible epoxy network. This network helps in the easier flow of TPU into
the cracks and cause healing. But the decrease in the mechanical property due to the lower crosslink density is

also reported.

Hia and his co-workers developed a self-healing coating with a multicore microcapsule of alginate biopolymer
encapsulated with diglycidyl ether of bisphenol A based epoxy and mercaptan/tertiary amine-based hardenert*’.
Both the microcapsules are loaded into the epoxy matrix. They found that by using this dual-capsule self-healing
system it is possible to get up to four healing cycles with about 68-85% healing efficiency. Fang et al. proposed
a different approach to the development of self-healing coating. They used the four epoxy coatings with dense
irreversible Network I, dense reversible Network II, loose irreversible Network Il1, and partially irreversible-
partially reversible Network IV to study the effect of the network structure *¢. Using the dense reversible Network
11, a quick crack healing in 40 seconds and complete crack disappearance in 80 seconds was reported. Due to
the higher crosslink density improved mechanical property was also obtained. The mesoporous silica (MS) and
110, nanotubes (TNTs) were also used as nanocontainers™*”!. Epoxy-encapsulated TiO, nanotubes and amine-
immobilized mesoporous silica were incorporated into the epoxy matrix to develop the self-healing coating.
The corrosion protection and self-heal ability were due to the crosslinking reaction of healing agents to torm the

protective film at the crack.

Guo et al. has developed epoxy-based UV-triggered self-healing coating containing a single microcapsule as a
healing agent. The epoxy and cationic photo-initiator were encapsulated into the Si0, microcapsule via combined
interfacial / in situ polymerization and these microcapsules are loaded into the epoxy coating system to develop
the self-healing coating, Upon the crack development, the microcapsule break and UV uradiation trigger the
photocuring process™, Li and his co-workers proposed a Diels-Alder (DA) network-based coating system from
amino-functionalized multiwall carbon nanotubes and the epoxy resin for the selt-healing coating application’!.

wn
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