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ABSTRACT

substrate and have no active protective function if the coating on the surface is

damaged. Recent smart anti-corrosion coatings can greatly increase the lifespan
of the coating. On the other hand, self-healing technology in polymer coatings is a
preventive method to progress of corrosion process on the surface of metals. This
technique has been developed in order to prevent the growth and propagation of
cracks in the early stages and to repair the damage automatically without external
intervention. The increasing trend of published scientific articles shows that the use
of anti-corrosion smart polymer coatings with self-healing capability has received
much attention. In this type of coatings, corrosion inhibitors and healing agents can
be loaded together or separately in spherical or nanofiber micro-carriers. In the case of
damage of the coating surface, the anti-corrosion as well as healing processes trigger
Keywords: simultaneously to prevent the corrosion progress of the metal surface. The purpose of
this study is to review novel epoxy-based coatings with self-healing and anti-corrosion
properties. For this purpose, the self-healing mechanisms, methods of implementation
of self-healing materials and anti-corrosion agents on the coating have been reviewed
and categorized. The use of polymer microcapsules with core-shell structures in the
form of spherical particles or electrospun nanofibers in self-healing coating has been
described. Various nanofiber systems have been classified in terms of the location of
restorative and anti-corrosion materials, the type of polymer shell and core materials,
the electrospinning methods of nanofibers, and the method of dispersing within the
coatings, for simultaneous anti-corrosion and self-healing properties. Finally, the
recent studies on the coatings containing conductive and/or green nanofibers have
been reviewed.

Traditional anti-corrosion coatings only act as a passive barrier on the metal
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Fig. 1. Multiple versus one-time self-healing. (a) microcapsule-

based, (b) vascular, and (c) intrinsic self-healing principles [14].
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Fig. 3. The formation of the core-shell microcapsules structure
by the oil-in-water emulsion method (CaCO, was used as the

shell and oil as the core) [16].
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Fig. 2. The number of articles published in the field of self-
healing or anti-corrosion coatings containing nanofibers from

the beginning of 2014 to April 2023 [15].
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Fig. 5. SEM images of (a) PA6 nanofibers, (b),(c) PA6/PPy nanofibers, and (d) TEM image of PPy hollow fibers [30].

Sas eliSae 5 Jalse oS Gl U sdate e 5 glaes 1 L
Slaitss & s S ke s [F0] T e Cozay g
33 SN (Sl s 55 2SI ol o 350 o plonil ikise
IOFEN] ol (Do) s yomond o3I 5 i pod 5o
s gy= et BUISU/ 5 S A 55 (10 s gomnad o551 52
s e L33 e S s oS 3 5 e oslind SOLES s
(aw gy sl G 5wt 3l ge gLl ) o gl 5o
i gy atn il b U4 oS 05 e a LacSGLES |
Jgpaome CohS 52 (pogo Jl a5 din S S 0m 05 o0
gy Y O3y DU LSS Sl S sl sl a4l S
o eSS b ates Opb SU 5 (GUN O e iS
B g SR bl a5 at gy Jglos O o s

&y VEeY (55 53T D o lasts qasbiubg s Ul posl 535)i55 5 s role aliza

LS mazr U 0 g ahold) Al 3 L Lo o (D> K Slss A
el 5 (O3 3 5 ot dlasl (S a0l Oltes LL 2 2o e
LFAD 5,8 it (Jaee (slos 5 5Lid (sby ald) Jas
sl 0ol V S 53 s S S5e Jelge 1 glasdl
Gl S Jdsar o s S SUISE Gl sladle s
(S S ks ol ek CJM slatal C e b glatas
o IS Jabis ol s pdoilanl gt Bl kil
6oL ar s (o (SO ol 5 g sl 5l S
D505 e 55 Jalye Dbl [OY-OF] Col 035 s I
S s op FeliS slsdaal 3 (S s SN gy 4 o SUI L
Sl I s s 8 Sl gle xS s 0T 5l eslizul 5 03 s
o S35 ol e Jate By e slle L [00-04] ol



Alurgy— Ak JUA L jay b BLIgil/9 )10 SIS 53 )95 3u6 Pr0)I393 (S parls S yludigs 25094

L0V ot a3 5SI BUIL 5 a0l 35 e el )b 5l = Olo =) Jsdr

Table 1. Expression of some parameters and their effect on electrospun fibers [51].

Effective factors Effect on morphology
Increasing the voltage after the critical voltage causes the formation of thinner fibers
Voltage and the creation of more beaded fibers
Distance between | With constant voltage, the distance has an inverse relationship with the intensity of
Electrospinning the tip and the electric field, and the diameter of the fiber usually decreases with the increase
collector of the distance
Increasing the flow rate usually causes bead formation and increases the pore size
Flow rate
and fiber diameter
) Increasing the conductivity of the solution surges the stretching of the solution.
Solution Solution conductivity increases the bending instability and increases the jet path,
conductivity
which leads to better quality beads with less thin diameters.
The viscosity can be adjusted by employing the temperature or molecular weight.
Solution Viscosity The reduction of viscosity of a polymer solution makes the formation of beads with
longer fiber length.
The surface tension is too high, fibers will form and deforms into droplets.
Surface tension | High surface tension would favor the formation of beads, and beads have a high
surface to volume ratio than a fiber.
The high temperature will make the thinner diameter fibers, temperature rise provides
Temperature the faster vaporization rate, and the polymer solution’s temperature increase and
viscosity will be reduced
Environmental Both higher and lower humidity conditions make the fiber diameter larger. The
o solidification process slows for the aqueous solution for the high humidity condition,
Humidity which results in bead defects and thicker fibers. For the lower humidity, faster solvent
vaporization increases solidification, leading to increased fiber diameter.
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Fig. 6. Different electrospinning methods: (a) blend, (b) co-

axial, and (c) emulsion [80].
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Table 2. The summary of the latest works on electrospun core/shell fibers containing healing agent.

o Coating ) Shell Researcher
Description i Core material )
matrix material (year)
Two types of fibers (one containing epoxy and the other Epoxy and Zulfi et. al
yp B . g epoxy PU poOxXy PAN
containing curing agent) curing agent [86]
One type of fiber with two types of core Epoxy and Liu et. al
) Epoxy ) PAN
(epoxy and curing agent) curing agent [87]
Two types of fibers were made with PAN shell and two Epoxy and Sadeghi et. al
Epoxy PAN
types of core (epoxy and mercaptan). mercaptan [88]
Core-shell nanofibers and Grubbs catalyst dispersed in the
) ) ) o CF/EP Ruan et. al
coating to accelerate the ring-opening polymerization by the DCPD PPESK
o composite [89]
repairing agent.
A type of nanofiber in a composite coating multi-walled Epoxy Vintila et. al
. DCPD PAN
carbon nanotubes) MWCNTs composite [90]
Synthesis of nanofibers and investigation of the effect of Epoxy and Hassim et. al
Epoxy PLA
core-shell flow ratio on morphology and core content curing agent [91]
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Table 3. The summary of the latest works on electrospun core/shell fibers containing healing and corrosion inhibiting agents in

epoxy coating.

Shell
Description Core material ' Researcher (year)
material
First, the nanofibers were electrospun on the steel, then epoxy Blend of MBT inhibitor PVDE Dong et. al
resin was spread on the electrospun nanofiber membrane. with PVA solutions [106]
Nanofibers with a two-component core that can be used in TA (as an inhibitor) and PAN Wong et.al
acidic and alkaline environments. tang oil [114]
GACE reacts with iron and the created Fe—O—C structure fills Song et. al
o - ) GACE PVA
the crack and prevents corrosion in addition to repair. [121]
Nanofibers with a two-component core that have the ability to
OA+ MBI
repair at different pH. The synergistic effect of chitosan and Jiet. al
. . . . . . . . . CS/PVA
MBI corrosion inhibitor makes the composite coating in acidic ) [3]
. o o (3 to 1 ratio)
electrolyte that has high efficient in corrosion inhibition.
Nanofibers with a bipartite core were synthesized, then ) )
) ) ) ) ) OA + Alkyd varnish Cellulose Jiet. al
methyltrimethoxysilane was dispersed on it to make it )
resin (AVR) acetate [112]
hydrophobic.
An appropriate amount of fluorescent markers rhodamine B and Saturated aqueous c |
ao et.al.
fluorescein has been added to the core and shell electrospinning solution of CS PVA
. : : : [118]
solution to add self-healing properties. phenanthroline
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DOC Dodecylamine
DPA Dipropylamine
DCPD Dicyclopentadiene
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FITC Fluorescein isothiocyanate
GACE  3.,4,5-Trihydroxy benzoic acid cyclohexyl ester
HDI Hexamethylene diisocyanate
HDMA Hexamethylene diamine
HLE Henna-leaved extract
HPA 2-Hydroxyphosphonocarboxylic acid

IPDI Isophorone diisocyanate
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ICP Intrinsically conducting polymers
IBU Ibuprofen

LO Linseed oil

MBI Mercaptobenzoimidazole

MBT  2-Mercaptobenzothiazole
MEKP  Methyl ethyl ketone peroxide
MWCNTs Multiwalled carbon nanotubes
oM Optical microscopy

PA Polyamide/polyamine

PAN Polyacrylonitrile

PANI  Polyanilin

PCL Polycaprolactone

PDMS  Polydimethylsiloxane
PDMS-a Aminated poly(dimethylsiloxane)
PEI Polyethyleneimine

PHAs  Polyhydroxyalkanoates

Phen Phenanthroline

PLA Polylactic acid
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Poly(lactic-co-glycolic acid)
Poly(methyl methacrylate)

POPTA Polyoxypropylenetriamine

PPA Propylamine

PPESK Poly(phthalazinone ether sulfone ketone)
PPy Polypyrrole

PUF Poly(urea-formaldehyde)

PVA Poly(vinyl alcohol)

PVB Poly(vinyl butyral)
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