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Abstract

The protection of metallic infrastructure against corrosion remains a significant and ongoing
challenge across various industrial sectors. Conventional protective coatings often deteriorate
over time, particularly when exposed to mechanical damage or harsh environments,
compromising their barrier function. In response to this limitation, there is increasing interest
in developing multifunctional "smart" coatings that combine long term corrosion resistance
with inherent self-healing capabilities. Such systems, particularly those that incorporate
nanomaterials and stimuli responsive architectures, show considerable promise for enhancing
structural durability and extending service life.

In this study, we engineered a corrosion resistance and self-healing coating by fabricating an
epoxy matrix reinforced with silanized graphene oxide and embedded with
polydimethylsiloxane (PDMS)-polyvinyl alcohol (PVA) core-shell nanofibers. The core-shell
nanofibers were produced via coaxial electrospinning, utilizing PVA shell solutions at
concentrations of 7, 10, and 15 wt.%. The morphology and structural integrity of the
nanofibers were characterized using field emission scanning electron microscopy (FE-SEM).
Additionally, complementary analyses through transmission electron microscopy (TEM),
fluorescence microscopy, and Fourier-transform infrared spectroscopy (FTIR) confirmed the
successful coaxial configuration, with PDMS uniformly encapsulated within the PV A shell.
We systematically evaluated the corrosion resistance and autonomous healing performance of
the developed coatings through electrochemical impedance spectroscopy (EIS) under two
experimental conditions: immersion of intact (unscratched) coatings for up to 148 days, and
immersion of deliberately scratched coatings for up to 16 days. Accelerated corrosion testing
was also conducted using the salt spray (fog) method. To assess the evolution of damage and

healing at the microscale, we examined the scratch regions using FE-SEM coupled with



energy dispersive X-ray spectroscopy (EDS). The self-healing functionality correlated
strongly with the high areal density and homogeneous distribution of the core-shell
nanofibers within the coating matrix, ensuring a consistent and adequate release of the PDMS
based healing agent upon damage. Notably, FE-SEM micrographs acquired after 480 hours of
exposure demonstrated complete closure and restoration of the scratched region, confirming

the effectiveness of the embedded self-healing mechanism.
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Introduction

Epoxy coatings are among the most widely used organic materials for protecting metallic
structures in corrosive environments, owing to their excellent adhesion to metal surfaces and
high crosslink density. They function by forming a protective barrier that shields the
underlying metal from corrosive agents. However, these coatings do not offer a complete
barrier against the diffusion of corrosive ions [1-3]. Duiing service, defects such as
microcracks or physical damage can develop in the organic coating, allowing corrosive
species in the surrounding solution to reach the meta! surface and initiate corrosion.

Organic coatings are not perfect, defect-free barriers; aggressive species such as chloride
ions, oxygen, and water can penetrate through them. When this occurs, corrosion initiates at
the coating/metal interface beneath the coating. The corrosion reactions in this confined
region closely resembic those occurring in bulk electrolyte solutions, with the critical
distinction that corrosion is localized to a very small area beneath the coating. Consequently,
due to the limited volume of electrolyte present in this microenvironment, rapid and
significant fluctuations in pH and ionic concentration are commonly observed. The
electrolyte accumulated beneath the coating not only promotes metal corrosion but also
gradually degrades the coating itself, reducing its adhesion to the underlying metal substrate.
The concurrent action of these two phenomena corrosion and coating delamination
significantly compromises the overall protective performance of the coating system.
Moreover, organic coatings can deteriorate due to factors beyond electrochemical corrosion.
Mechanical impacts, abrasion, cracking, and micro-scratching induced by mechanical
deformation, as well as photo oxidative degradation caused by ultraviolet (UV) radiation, can
all inflict damage on the coating integrity. Critically, all these degradation mechanisms create
preferential pathways for the ingress of ambient moisture and atmospheric species into the

sub-coating region, thereby initiating corrosion at the metal/coating interface [4-7].



Most self-healing coatings are designed to recover their protective properties after minor
damage. Healing typically occurs at microcrack sites, preventing crack propagation and
inhibiting the penetration of water, oxygen, and corrosive ions to the substrate. In this way,
the integrity of the metal substrate is preserved against corrosion. Self-healing strategies have
been extensively evaluated in both pretreatment and topcoat layers, primarily through the
incorporation of corrosion inhibitors either directly blended into the coating matrix or stored
in embedded reservoirs [8—11].

One practical approach to implementing self-healing functionality involves the encapsulation
of healing agents. Microencapsulation is a well-established method used across diverse fields
including agriculture, medicine, food, textiles, adhesives, and coatings due to its
compatibility with polymer composites and thin films. The amount of healing agent delivered
can be precisely controlled by adjusting the microcapsule diameter. Upon mechanical damage
or environmental triggers, monomers encapsulated within polymer shells are released and
subsequently polymerize in the damaged region, thereby repairing the matrix. A key
limitation of this approach is its single-use nature, as the healing capacity is typically not
regenerable once the agent is released [12—15].

An alternative strategy employs vascular networks, in which healing agents are stored within
hollow fibers or microtubes. When thes¢ conduits are ruptured due to damage, the healing
agents are released and react to restorc the matrix. A significant advantage of vascular
systems is their potential to be connected to large, external reservoirs, enabling the repair of
extensive or repeated damage. Depending on the materials and design, such networks can be
engineered in one-, two-, or three-dimensional configurations [16—18].

Numerous studies have explored self-healing materials for corrosion protection. Zhang et al.
[19] used hollow glass microspheres with micron sized pores as micro reservoirs for epoxy
and amine healing agents to evaluate self-healing performance. They examined parameters
such as fiber diameter, shell thickness, and internal cavity dimensions. Micro compression
tests revealed that these microspheres exhibit relatively high compressive strength but are
inherently brittle. Bekas et al. [20] incorporated multi-walled carbon nanotubes as a
reinforcing nanostructure within a vascular self-healing system, embedding a low viscosity
epoxy healing agent at three different weight percentages. Park et al. [17] developed a coaxial
electrospinning process to fabricate core—shell spiral fibers for loading self-healing agents
into an acrylate matrix. Similarly, Doan et al. [21] utilized electrospinning to produce core—

shell fibers containing self-healing polymers, demonstrating the potential of electrospun



fibers as carriers for reactive agents. When mechanical damage occurs, these fibers fracture,
releasing the core encapsulated healing agent to autonomously repair the affected area.

Li et al. [22] synthesized composite coatings by dispersing core—shell fibers containing
healing agents into an acrylic resin matrix. The fibers were fabricated via coaxial
electrospinning, with epoxy (or another healing agent) as the core and polystyrene as the
shell. This modified electrospinning technique allows the core to be either liquid or solid. In
self-healing applications, the liquid core serves as the healing agent, while the polymeric
shell provides structural integrity and controlled release. In another vascular-inspired
approach, a three-dimensional network of microtubes filled with resin and curing agent is
embedded beneath the coating. When damage ruptures these tubes, the released components
react to heal the defect. Importantly, if the same location is damaged again, additional healing
agent remains available for subsequent repair cycles [23-25].

Core—shell self-healing materials hold significant promise for real world applications in
highly corrosive or demanding environments. In marine applicatiois, they can be integrated
into protective coatings for ships, offshore platforms, and port infrastructure, offering dual
functionality against both corrosion and biofouling. Their ability to autonomously heal micro
cracks prevents water and chloride ion peneiration, thereby extending service life and
reducing maintenance costs. Similarly, in civil engineering, these materials can be applied to
corrosion prone structures such as bridges, pipelines, and chemical storage tanks, where they
help maintain structural integrity by healing cracks before they propagate. Beyond
infrastructure, the aerospace and automotive industries can benefit from these systems in
protective coatings or composite matrices, enhancing component durability under mechanical
stress and environmental exposure while minimizing downtime for repairs. Despite their
advantages, several limitations must be addressed before widespread adoption [26-27].

Aging due to prolonged exposure to UV radiation, moisture, and temperature fluctuations can
degrade both the healing agents and the polymer matrix, diminishing self-healing efficiency
over time. Notably, polyvinyl alcohol (PVA) a commonly used shell material exhibits poor
environmental stability, particularly in humid or aqueous conditions, where it is susceptible to
hydrolysis, leading to compromised mechanical and healing performance. Additionally, while
self-healing can partially restore material properties, the healed regions often do not fully
recover the original strength or toughness, especially if healing agent reservoirs are depleted
or unevenly distributed. Finally, although electrospinning enables precise fabrication of core—

shell nanofibers, scaling this technique for industrial production remains challenging due to



difficulties in maintaining fiber uniformity, achieving high throughput, and ensuring batch to
batch consistency [28-29].

Core—shell fibers can be fabricated using a variety of techniques, each offering distinct
advantages tailored to specific applications. Electrospinning is among the most widely used
methods, where a polymer solution is drawn into fibers under an electric field. Core—shell
architectures are achieved either by blending two immiscible polymers or more precisely
through coaxial electrospinning, which employs concentric needles to independently deliver
core and shell solutions. A closely related approach, coaxial electrospraying, utilizes a dual
capillary system to produce core—shell particles rather than fibers, enabling efficient
encapsulation of active agents within a protective shell. In another method, melt spinning
offers a solvent free alternative, wherein two molten polymers are coextruded through a
multiorifice spinneret and solidify into fibers with defined core and shell layers.
Alternatively, phase separation during fiber formation whether via electrospinning or wet
spinning can spontaneously generate core—shell morphologies when two immiscible
polymers segregate during solidification, with one forming tlie core and the other the shell.
These diverse fabrication strategies highlight the versatility of core—shell fiber design,
supporting applications ranging from biomedical engineering and controlled drug delivery to
advanced functional materials [30-32].

In this study, a three-layer sandwich coating system with intrinsic self-healing capability was
developed to enhance corrosion resistance and extend the service life of components exposed
to aggressive environments. The system consists of an epoxy silanized graphene oxide (EP-
GO-Si) nanocomposite as the top and bottom layers, and a middle layer of core—shell
nanofibers produced via coaxial electrospinning. This hybrid architecture integrates coaxial
electrospinning with spray coating techniques and was applied to ST-12 mild steel substrates.
The primary objective was to embed a self-healing mechanism within a nanocomposite
coating to delay the onset of corrosion and prolong the functional lifetime of steel
infrastructure.

To ensure good dispersion and strong interfacial bonding between graphene oxide and the
epoxy matrix, graphene oxide was functionalized wusing (3-glycidyloxypropyl)
trimethoxysilane (GPTMS) via a sol-gel process. Additionally, the influence of the polymer
shell concentration in the core—shell nanofibers serving as the intermediate layer on corrosion
protection and self-healing efficiency was systematically evaluated. Polyvinyl alcohol (PVA)
shell concentrations of 7, 10, and 15 wt.% were investigated to optimize coating

performance.



Novelty of this work in using core-shell nanofibers can be stated as follows: Core—shell
nanofibers have been employed as nanoreservoir featuring an interconnected network to store
and deliver self-healing agents within a sandwich coating system. When corrosive species,
such as chloride ions from a sodium chloride environment, diffuse through the pores of the
topcoat layer and reach the intermediate layer containing the core—shell fibers (which
function as nanoreservoirs loaded with self-healing agents), the agents are released from the
nanofiber cores. As shown in this study, the interconnected architecture of these fibers
enables repeated self-healing capability in the coating system.

2. Experimental

2.1. Materials

Graphene oxide (GO) and silanized graphene were prepared by a modified Hummers and sol-
gel methods respectively as published previously [33]. Epoxy resin (Epiran 01-x75, Epoxide
Equivalent Weight (EEW) = 434 - 555 (g/eq)) and polyamide hardener (Crayamidll5,
Amine value (mg KOH/g) = 205 — 220) were purchased from Khuzestan petrochemical
company. Polyvinyl alcohol (PVA, M.W=72000 g.mol™") used as shell was purchased from
Merck company and Polydimethylsiloxane (PDMS) as healable material core of core-shell
nanofiber (PDMS, M.W=6800-30000 g.mol™) was prepared from Sigma-Aldrich company.
The carbon steel (ST-12) substrate was acquired trom Foolad Mobarakeh Co. of Iran.

2.2. Preparation of three-layer sandwich nanocomposite coating system

The first layer is epoxy-graphene oxide functionalized with silane nanocomposite coating,
which is used to improve adhesion to the metal substrate and prevent disbanding. The second
layer is core-shell nanofibers electrospun, which is responsible for storing healable materials
and providing the self-healing properties. Also, the third layer is similar to the first layer and
with a greater thickness that acts as a barrier layer against the permeation of corrosive ions.
2.2.1 Steel substrate preparation

The metallic substrate was the ST-12 steel which is widely used in industry. Metallic
substrate in dimensions of 2.5 cm x 6 cm % 0.1 cm were ground with silicon carbide with grit
sizes of 200-600 for removing oxide rust. Subsequently, they were washed and degreased
with distilled water, acetone and ethanol.

2.2.2 Preparation of epoxy-functionalized graphene oxide

In the following, the decorated GO nanosheets with silane GPTMS precursor at optimal
concentration of 0.2 wt. % was added to the mixture containing toluene and subjected to a
probe ultrasonic stirring in an ice bath for 10 min. Then the mixture of functionalized

graphene oxide and toluene added to a certain ratio of epoxy resin (weight ratio of resin and



hardener was 1.3 to 1) and stirred for 24 hours to disperse functionalized graphene oxide. It
was stirred mechanically with a blade at 1000 rpm. Next, for completely distributing the
graphene in the epoxy resin, the amide hardener was added to it in the mentioned weight ratio
and subjected to a mechanical stirrer and the epoxy-functionalized graphene oxide
nanocomposite mixture was produced.

2.2.3 Preparation of core and shell solution

To prepare polyvinyl alcohol solutions at various concentrations, polyvinyl alcohol polymer
powder was dissolved in deionized water using a magnetic stirrer. The mixture was stirred for
2 hours at 60°C until a clear solution was obtained. Additionally, to prepare the core solution,
polydimethylsiloxane polymer liquid was added to ethyl acetate in sufficient quantity to
create a 40% by weight solution, and this mixture was also stirred on a magnetic stirrer for 2
hours at ambient temperature.

2.2.4. Electrospinning conditions

The electrospinning parameters were: polydimethylsiloxanc solution 40 wt.%,
electrospinning distance 18 cm, shell feeding rate 1 mL.h™', core feeding rate 0.2 mL.h"' and
in concentrations of 7, 10, and 15 wt.% polyvinyl alcohol polymer solution. The samples
were named as EPGSi-7%, EPGSi-10% and EPGSi-15% respectively.

To designate the samples coated with core-shell fibers containing polyvinyl alcohol (PVA) in
the shell at concentrations of 10 wt%, 7 wt%, and 15 wt% within the epoxy—graphene oxide
nanocomposite coating system, the labels EPGSi-10%, EPGSi-7%, and EPGSi-15% are used.
In these designations, “EP” denotes epoxy resin, “G” represents graphene oxide, “Si” refers
to silane, and the appended number indicates the weight percentage of polyvinyl alcohol in
the fiber shell.

Then the samples were kept at room temperature for 24 hours and finally annealed at 60°C
for 24 hours.

2.2.5 Application of composite coating

The epoxy-functionalized graphene oxide was initially applied to the steel substrate using a
spray technique to create the first layer of the coating system. After 30 minutes, while the
surface remained slightly wet, the coated sample was placed in an electrospinning system as a
collector. The coaxial electrospinning process was then carried out to produce
polydimethylsiloxane-polyvinyl alcohol fibers at a voltage of 13 kV.

To form the final layer, or top coat, the epoxy-silanized graphene oxide nanocomposite

mixture was sprayed onto the core-shell fibers. The samples were allowed to cure at ambient



temperature for 24 hours before being baked at 60°C for an additional 24 hours. Upon drying,
the total thickness of the coating system was approximately 120 + 10 um.

2.3. Characterization

The structural characterization of GO and GO-SiO, nanosheets and epoxy-GO and epoxy-
GO-Si0O; nanocomposite coatings were reported in our previous work [24]. In present study
surface chemistry of core-shell nanofiber was evaluated by FTIR BRUKER VECTOR-33
with a resolution of 4 cm™ and in the wavelength range of 500 to 5000 cm™. The structure of
the resulting core-shell nanofibers was revealed using TEM microscope (Zeiss-EM10C
company-100 KV). FE-SEM was used to investigate the morphology of nanofibers, epoxy-
silanized graphene oxide nanocomposite coating and cross-section structure of the three-layer
sandwich structure epoxy-silanized graphene oxide coating containing core-shell PDMS-
PVA nanofibers. Furthermore, the surface morphology of the scratch area was investigated
by FE-SEM; model TESCAN MIRA3, which has a High Brightness Schottky Emitter
electron gun.

Energy dispersive x-ray spectroscopy (EDS/EDX) was carried out to evaluate the elemental
analysis of the scratched area and the cross-section of the three-layer epoxy-silanized
graphene oxide coating containing polydimethy!siloxane-polyvinyl alcohol nanofibers. The
electrochemical behaviors and the self-healing properties of the three layer nanocomposite
coatings containing core-shell nanofibeis were investigated by EIS method via EG&G
potentiostat/galvanostat apparatus model PARSTAT 2273 and a frequency response analyzer
(Princeton Applied Rescarch Model 1025) in the frequency range (100 kHz to 10 mHz) and
50 steps per decade. Oscillation amplitude of 10 mV was used in the three-electrode cell to
obtain Nyquist curves, bode and bode-phase in 3.5 wt. % sodium chloride solution. The
reference electrode was Ag/AgCl saturated by KCI, the auxiliary electrode was a platinum
foil and the coated metal substrate was considered as the working electrode with a surface
area of 1 cm”. To confirm the reproducibility of the data, each measurement was performed
for three samples prepared under the same conditions and representative values were
reported. The results were obtained using ‘Zview’ software. In order to investigate the
protective and self-healing effect of the coating system, a deep cut was made on the coating
with a sharp surgical blade, 2 cm long and 100 um wide, to the extent that it was deep to the
top of the metallic substrate. Then, the effect of immersion times on the corrosion resistance
of coating systems has been performed by EIS analysis.

Salt spray test was used to evaluate the corrosion resistance and the self-healing performance

of the nanocomposite coating that is widely used in the industrial substrates. Salt spray test in



accordance with ASTM B 117 standard on coating samples that are scratched (4 cm long and
2 mm wide) by a sharp surgical razor. A solution containing 5 wt. % Sodium chloride was
compressed air in the chamber. The samples were kept at an angle of 15-30 degrees to the
vertical. The temperature and pressure of salt spray were kept at 35+2 °C and 0.83—1.24 bar.
3. Result and discussion

3.1. Characterization of PVA-PDMS core-shell nanofibers

The FTIR spectrums related to polyvinyl alcohol fibers, polydimethylsiloxane solution and
core-shell fibers (PDMS-PVA) were illustrated in Fig. 1. It is apparent from the FTIR
spectrum of polyvinyl alcohol (PVA), the absorption band in the region of 3448 cm™ is
related to OH groups that are free or bound to the molecule. The absorption band at 2954 cm’
! corresponds to the symmetric stretching vibration of the alkyl group (-CH2) in polyvinyl
alcohol. The absorption band at 1635 cm™ region corresponds to the stretching carbonyl
group (C=0), the absorption band at 1422 cm™ region corresponds to CH2 groups (C—H
bending vibrations), at 1100 cm™ corresponds to C— O of acetyl group and at 1750 cm-1
corresponds to the stretching group C-C, all of these chemiical species represent polyvinyl
alcohol [34]. Si-CH3 stretching bond at 1262 cm’, Si-O-Si stretching bond at 1090-1022 cm”
1, Si-CH3 bending bond at 800 cm'l, and C-H bond is observed at 2963 cm'l, which
represents the peaks observed in (PDMS) solution. Because of torsional movement along the
main body, the PDMS has a low glass transition temperature of about -123 °C. Based on this
characteristic in high molar volumie, intermolecular force and cohesive energy density are
very low. In addition, the surface tension, surface energy, solubility, and low dielectric
constant of PDMS are related to the weak intermolecular force between PDMS chains.
Lipophilic and hydrophobic behavior is attributed to the presence of methyl groups around
the Si-O-Si polymer. The dissociation energy of the Si-O bond is equal to 1110 kcal.mol™,
which is larger than the energy of C-O (5.85 kcal.mol™), C-C (6.182 kcal.mol-1) and Si-C (76
kcal.mol™). It is the reason for the high thermal stability of polyorganosiloxanes. The
sensitivity of polysiloxanes to dehydration in acidic and basic conditions is the most
important defect of these polymers, which is generated by the polarity of the Si-O bond [35].
It has also been observed from the FTIR spectrum of core-shell fibers PDMS-PVA that the
presented bonds in the spectra related to PDMS and PVA are present in core-shell spectrum
and no new bond that indicates the reaction of these two polymers in core-shell fibers has
been observed, therefore, PDMS is well loaded to the core of nanofibers.

TEM image was used to ensure the formation of core-shell structure in PDMS-PVA

nanofibers. As it illustrated in Fig. 2, the structure of the core-shell fibers has been created



with separate boundaries without nodes or defects. The continuous presence of core material
within the core-shell fibers is also evident. The diameter size of the core and core-shell fiber
was calculated by Image J software. As can be seen in the FE-SEM images of core-shell
fibers in Fig. 3, with increasing the concentration of polymer PVA from 7 to 15 wt. % which
is used as the shell, the diameter of the core-shell fibers also increased. The distribution of
fibers in the case where the concentration of the shell PVA solution is 15 wt. % (Fig. 3C) is
more uniform and more precipitation than the concentration of the PVA solution is 7 (Fig.
3A) and 10 wt. % (Fig. 3B). An increase in concentration causes an increase in polymer chain
conflicts, which is necessary to achieve the continuity of the accelerated flow of the solution
during electrospinning. Usually, with the increase in the concentration, the diameter of the
fiber also increases. This is probably due to the greater resistance of the solution to pull by
the loads mounted on the accelerated flow of the solution. Another reason that can be
mentioned for increasing the diameter of the fibers with the increasing in the concentration of
the polymer solution is that the area of the deposition of the fibcrs on the collecting plate is
smaller at higher concentration. The increase in concentration means that the viscosity of the
solution is strong enough to prevent the bending instability of the accelerated flow of the
solution relative to the exit point of the needie, and in fact, this causes the fibers to
accumulate in the smaller area. Therefore, the path of the accelerated flow of the solution is
shortened and the tendency of the sclution to fog around is reduced. In addition, this
reduction of the jet path means that the solution is subjected to less tension, which increases
the diameter of the fibers. Also, at higher concentrations, the amount of solvent in the
solution jet is less and the solvent evaporates faster. Therefore, with the evaporation of the
solvent, it becomes more difficult to pull the jet, and fibers with a larger diameter are formed
on the collector [36-37]. The images related to the core-shell fibers obtained by using a
fluorescent microscope, in different concentrations of the shell, as can be seen in Fig. 3, the
core material is continuously placed inside the core-shell fibers, and with increase the
concentration of the shell polymer solution from 7 (Fig. 3-A4) to 15 wt. % (Fig. 3-C4), the
core material is loaded with a larger amount, without any defect in the path of the core
material in the shell.

3.2. Characterization of sandwich nanocomposite coating system

As can be seen in Fig. 4B, the 0.2 wt. % epoxy composite coating of epoxy-functionalized
graphene oxide with silane, the spreading and delamination of the graphene oxide sheets in
the matrix of the epoxy coating are significantly improved after being functionalized with

silane compared to the distribution of non-functionalized graphene oxide sheets (Fig. 4A).



Graphene oxide nanosheets are distributed in the epoxy polymer matrix homogeneously and
uniformly. The absorption of silicon oxide nanoparticles and the binding of silane molecules
on the graphene oxide nanosheets increase their distance and, as a result, decrease the
hydrophilicity and increase the affinity of the particles to the polymer, which prevent the
accumulation of graphene oxide sheets and cause the better distribution of graphene oxide
particles. It can also be seen that the silanized graphene oxide sheets are placed inside the
polymer matrix and do not protrude from the polymer matrix, which is due to the strong bond
between the silane graphene oxide particles and the polymer through the terminal functional
groups in the silane structure [38-39]. Fig. 4C shows the spectra of EDAX analysis taken
from the epoxy-silanized graphene oxide composite coating surface, and the presence of
silicon and oxygen peaks indicates the presence of silicon oxide on the coating surface.

In the EDAX analysis presented in Figure 4, the primary objective is to qualitatively
demonstrate the presence of silicon on the surfaces of silane-functionalized graphene oxide
sheets (as shown in the FE-SEM image in Figure 4-B). In coinparison with the non-
functionalized graphene oxide (Figure 4-A), the silane-functionalized graphene oxide sheets
exhibit reduced agglomeration due to the presence of the silane groups. This distinction has
been effectively elucidated by leveraging the imaging capabilities of scanning electron
microscopy (SEM).

In silanized graphene oxide with the GPTMS precursor, the C-O-C epoxy functional group
acts as an active site for reaction with the polymer matrix during resin curing. The functional
groups of epoxy on silanized graphene oxide sheets are similar to epoxy groups in epoxy
resin. In addition, silane molecules reduce the hydrophilicity of the graphene oxide surface
and increase its compatibility with the polymer matrix [40-41]. FE-SEM cross-section image
of the three-layer epoxy-silanized graphene oxide coating containing PDMS-PVA fibers in
the middle layer is manifested in Fig. SA. The thickness of each layers and their order are
clearly observed in this figure, and the total thickness is about 120 pm. As clearly shown in
Figure 5-A, the thickness of each layer is indicated by a specific number. The thickness of
the first layer is 38 microns, the thickness of the middle layer is 16 microns, and the
thickness of the top coat is 70 microns.

The cross-section of the middle layer and the presence of core-shell fibers in the middle layer
are illustrated in Fig. 5B. Also, the Linear EDAX elemental analysis taken along the
thickness of the epoxy-silanized graphene oxide coating system containing core-shell
(PDMS-PVA) fibers is illustrated in Fig. 5C. As can be seen, the elements of carbon, oxygen,

and silicon are evident in the coating system. The intensity of the silicon element has



increased in the middle layer, which indicates the presence of the PDMS core in these fibers,
and it has the same intensity in the first and last two layers. Fig. 5D shows the FE-SEM
image of the surface of the core-shell fibers used as the middle layer. The presence of core-
shell PDMS-PVA fibers in the nanocomposite coating system is clearly identified.

3.3. Corrosion resistance and Self-healing performance of sandwich nanocomposite
coating system

Fig. 6 shows the EIS curves of the EPGSi-7% sample which contains electrospun core-shell
fibers with a PVA shell concentration equal to 7 wt. % at different immersion times in 3.5 wt.
% sodium chloride medium. As can be seen from the EIS graphs at the initial immersion
times, the diameter of the semicircle capacitive loop decreased by increasing the immersion
time. The breakdown frequency was moved to the higher values, the phase angle decreased
and the linear range related to the capacitance behavior in bode curves decreased. All the
facts indicate a decrease in the resistance of the coating against the corrosive environment,
which corresponds to decreasing the impedance value at a low {requency over time. In this
case, where the PVA polymer solution with a concentration of 7 wt. % is used as the shell of
the core-shell fibers, the diameter of the core-shell fibers 15 the lowest compared to the cases
where concentrations of 10 and 15 wt. % are used. It is obvious that less healable material is
loaded as the core in these fibers, which is consistent with the results of examining the
morphology of these fibers. The equivalent electrical circuits (EECs) in the initial times and
more immersion times are shown in Figs. 7A and 7B respectively. The presented EECs
contain the elements of R., R¢, R¢;, CPE., CPEq4 and n. The extracted data in Table 1 illustrate
that the second time constant appeared after 63 days, which indicates the beginning of
corrosion reactions at the interface between the metal substrate and the coating system. In this
coating system, the parameters of the coating resistance and the coating surface roughness
present an upward trend at 46, 78, and 132 days. Since the presence of core-shell fibers and
the creation of a passive barrier layer due to the release of the PDMS core self-healing
function caused at 46, 78, and 132 days due to the creation of a weak and loose layer of
corrosion products, the protection function of the system is covered.

Fig. 8 shows the EIS curves of the EPGSi-10% sample at different immersion times up to 148
days. The diameter of the semicircular capacitive loop in the Nyquist curve is smaller with
increasing immersion time. In the bode curves of this sample, the reduction of the capacitive
behavior of the coating system can be seen which shows decreasing of linear behavior. In the
bode-phase curves, the phase angles decreased over a long period times and the breakdown

frequency shifted to higher values. In fact, the coating system has a lower protection function



with more penetration of the corrosive solution and the destruction of the coating system. The
decreasing trend of the impedance at the frequency of 10 mHz is in good agreement with the
observations obtained from the impedance spectrum curves. In this case, a PVA polymer
shell solution with a concentration of 10 wt. % was used for electrospinning core-shell fibers
compared to the 7 wt. % cases; it has a lower reduction rate in impedance values. With the
increase in the concentration of the polymer solution, due to more resistance of the solution to
being stretched by the electric charges, the diameter of the shell fibers increases, and the
possibility of loading more healable material, PDMS, has been provided. In this case, at times
46, 78, and 132 days, the trend of increasing the impedance of the coating system has been
observed at low frequency, which is in good agreement with the behavior of the impedance
spectra curves in this case. The self-healing process at 46 and 78 days has led to an increase
in the protective performance of the coating system and prevented the continuation of the
decreasing process. The creation of corrosion products at the interface between the metal
substrate and the coating system is the reason for the relative and partial improvement of the
impedance value in 132 days. The values related to fitting the impedance curves in Table 2
are in good agreement with the behavior of the impedance spectra curves. With the increase
of immersion time, the resistances of the coating and the roughness parameter have decreased
and the capacitor capacitance of the coating sysiem has increased. The increasing trend of R,
and n occurred at 46, 78, and 132 days and the decreasing trend of the CPE, occurred at this
time. The occurrence of this phenomenon at 46 and 78 days is due to the self-healing function
of the core-shell fibers and at the 132 days is due to the function caused by the formation of
corrosion products.

According to Fig. 9, EIS curves of EPGSi-15% sample shows that the impedance at 10 mHz
frequency with increasing concentration of PVA solution of shell after one day of immersion
is 8.50x10'" Q.cm” which has increased compared to the concentrations of 7 and 10 wt. %.
The bode curve of the EPGSi-15% after one day of immersion shows a completely linear
region, which indicates the high resistance of the coating system in the initial times of
immersion. According to the bode and bode-phase curves, only one time constant is observed
in this specimen up to 99 days of immersion and the breakdown frequency has appeared in
the low frequency range, which indicates the high protective performance of the coating
system against the corrosive environment. With the increasing of the immersion time up to 29
days, the impedance value at the frequency of 10 mHz shows a downward trend, although in
this case, a very small decrease rate has been seen compared to the specimen with a

concentration of 7 wt. %, and the impedance value is in the order of 10" Q.cm®. In the



Nyquist curves, the immersion of the capacitive loop of the Nyquist semicircle is not
complete until 99 days, which also indicates the low rate of corrosion in this coating system.
By increasing the immersion time from 29 to 46 days, the impedance value has increased
from 8.1x10° Q.cm? to 1.17x10"" Q.cm? which is due to the self-healing performance of the
core-shell fibers in the coating system due to the early times of immersion. In this case, with
regards to the electrospinning core-shell fibers with PVA solution with a concentration of 15
wt. % and considering the morphology of these fibers, the amount of healable material is
loaded in the interconnected three-dimensional network of the core-shell fibers, which
provides the possibility of more healing. The extracted electrochemical parameters by fitting
the impedance curves of the EPGSi-15% coating are presented in Table 3. The resistance of
the coating system after one day of immersion is equal to 8.5x10' Q.cm” and the capacitance
of the coating system at this time is 1.08x10™'% Sn.Q".cm™, which shows the high protection
performance of the coating system in the early times of immersion. By increasing the
immersion time to 46 days, the resistance of the coating system incieased by more than one
order, and the capacitance of the coating system also decreased by about one order, which
indicates the increase in the corrosion resistance of the coating. In fact, as a result of the
contact the corrosive aqueous solution with the core-shell fibers and the release of the PDMS
polymer due to the dissolution of the PVA polymer shell, a passive protective layer has been
created that prevents further penetration of corrosive ions into the coating system. After the
penetration of the aqueous solution into the coating, the Si-OR groups are hydrolyzed and
form Si-OH bonds, and then the condensation reaction occurs, and other Si-O-Si and Si-O-C
bonds are formed inside the coating. With the formation of these silane bonds in the epoxy
polymer matrix, the density of the cross-link increases and the penetration paths of the
electrolyte in the coating system are reduced [42-44]. By increasing the immersion time to 63
days, the resistance of the coating system decreases and the capacitance of it increase to a
small amount. It has been observed that by increasing the immersion time to 78 days, the
resistance of the coating system increases and the capacitance of it decreases due to the self-
healing function of the core-shell fibers loaded in the coating system. It should be noted that
after 78 days of immersion in the corrosive solution, the resistance of the coating system is in
the range of 10'° Q.cm?” and it shows the preservation of the resistance of the coating system
against the penetration of corrosive ions inside the coating due to the self-repairing function
of the core-shell fibers.

Based on the EIS plots and the extracted data from their fitting curves in Fig. 10, it was seen

that the EPGSi-15% coating system has high strength and the lowest capacitor capacity,



which has a good protective performance against the penetration of corrosive ions due to the
presence of a continuous network with a high amount of self-healing siloxane material due to
fibers with a higher diameter than the EPGSi-7% during 148 days of immersion. In this case,
where PVA solution with a concentration of 7 wt. % is used as the shell of core-shell fibers,
the diameter of the core-shell fibers is the lowest compared to the cases where concentrations
of 10 and 15 wt. % are used. It is obvious that less self-healing material is loaded as the core
in these fibers, which is consistent with the results of examining the morphology of these
fibers. Therefore, the self-healing process in this coating system is lower than the core-shell
fibers that used concentrations of 10 and 15 wt. %. The increasing trend of the resistance of
the coating system and the decreasing trend of the capacitor capacity of it against the
corrosive environment occurred in three times of 46, 78 and 132 days. In 46 and 78 days
samples due to the self-healing performance of core-shell fibers and in 132 days sample due
to the creation of a barrier layer due to the formation of corrosion products, an increase in the
impedance of the coating system occurs.

3.3.2. Investigating the self-healing effect of sandwich nancconiposite coating system

EIS curves of the EPGSi-7% sample are manifested in Fig. 11. As shown in the graphs, after
creating a scratch and after 24 hours of immersion, the Nyquist curves consist of two loops.
The first loop at the low frequencies is related to performing electrochemical reactions at the
interface between the metal substrate and the coating system, and the second loop at higher
frequencies, is related to the formation of a passive barrier layer due to the release of the self-
healing material from the core-shell fibers [45]. In bode and bode-phase curves, two time
constants appeared in the initial 24 hours of immersion. The impedance values at low
frequencies during this time have also shown a two-fold drop compared to the samples
without scratches. In fact, after creating a scratch, the self-healing process occurred in the
first 24 hours of immersion, but with increasing immersion time, the impedance values at low
frequencies have reduced significantly. In fact, for the EPGSi-7% sample, due to using a
PVA polymer solution with a low concentration of 7 wt. %, the diameter of the core-shell
fibers has decreased, and the amount of loaded material is less than that of the self-healing
material, resulting in a weaker self-healing process compared to 10 and 15 wt. % (which
confirmed morphological investigations). The fitting results of EIS curves also show the
increase of electrochemical corrosion reactions at the metal-coating interface with the
decrease of R. and R, and the increase of CPE. and CPEy (Table 4).

The EIS curves of the EPGSi-10% sample are illustrated in Fig. 12. As can be seen, the

semicircle diameter of Nyquist curves has increased in 36 hours compared to the initial 24



hours, and the impedance values have increased at low frequency, which indicates the self-
healing process at 36 hours of immersion. In this scenario, an artificial scratch was introduced
into the coating, and the coated sample was subsequently immersed in a sodium chloride
solution. Electrochemical impedance spectroscopy (EIS) measurements were performed after
the initial 24-hour immersion period. Due to the presence of the scratch, which facilitates
easier diffusion of corrosive ions into the coating system, the scratched sample exhibited a
more rapid decline in impedance compared to unscratched specimens. As immersion
continued, corrosive species from the aqueous electrolyte reached the intermediate layer
containing the core—shell fibers. The shell of these fibers—composed of the hydrophilic
polymer polyvinyl alcohol (PVA)—dissolved upon contact with water, triggering the release
of the encapsulated silane-based self-healing agent [46-47].

Subsequently, as described in the mechanism section, this agent underwent hydrolysis and
condensation reactions, leading to the formation of a hydrophobic, passive barrier layer at the
damaged site. This in situ generated protective layer effectively inhibited further ion ingress
and corrosion diffusion, thereby increasing the coating’s impedance and enhancing its
corrosion resistance through self-healing [48-49].

Subsequently, with the increase of immersion tine, the impedance values have decreased,
and the capacitance range and phase angles have decreased [50]. At time 12 days, two
capacitive loops can be seen in the Nyquist curves, one at low frequencies, which is related to
the corrosion reactions at the interface between the metal substrate and the coating system,
and another at the higher frequencies, which is related to the destruction of the coating
system. Based on the reported information in Table 5, R., R¢; and parameter n increased at 36
hours of immersion compared to 24 hours of immersion, also CPE, and CPE, decreased,
which indicates the formation of a passive barrier film in the path of diffusion of the
corrosive solution and prevention of corrosion reactions.

Damage-induced diffusion denotes the migration of atoms or ions through a material
facilitated by structural damage—such as cracks, voids, or defects—which compromises the
material’s integrity and can accelerate degradation processes like corrosion by enabling
greater ingress of environmental agents such as moisture or aggressive chemicals; this
diffusion is typically governed by concentration gradients, thermal energy, and localized
stress fields. In contrast, self-healing represents an autonomous repair mechanism wherein
materials recover from damage without external intervention, either through the release of
encapsulated healing agents or intrinsic molecular reorganization that seals microcracks,

thereby restoring mechanical and functional properties and extending service life. In the



context of electrochemical characterization, the inference of passive film formation—often
deduced from an increase in charge transfer resistance (Rct) and polarization resistance (Rc),
alongside a decrease in the constant phase element (CPE)—is commonly interpreted as
evidence of a protective surface layer that impedes ionic transport and enhances corrosion
resistance. However, alternative interpretations must be critically evaluated, including
changes in material porosity that alter ionic pathways, variations in water uptake kinetics that
affect measured impedance, or substrate modifications induced by environmental or
mechanical stressors, all of which can mimic passive film behavior. Despite these
possibilities, the passive film interpretation is frequently favored due to its consistent
observation across corrosion studies, strong correlational evidence linking impedance trends
to known passive film characteristics (e.g., thickness and composition), and its foundation in
well-established electrochemical mechanisms describing oxide or protective layer formation.
Thus, while alternative explanations warrant consideration, the convergence of empirical data
with theoretical frameworks often provides robust support for passive film formation as the
dominant phenomenon [51-55].

In this sample, the resistance values of the coating system, the charge transfer resistance, and
its decreasing trend with the passage of time are imiproved as compared to EPGSi-7% sample.
In fact, by increasing the shell polymer solution concentration from 7 to 10 wt. %, the
diameter of the core-shell fibers increased, the amount of self-healing material loading
increased, and finally, a greater self-healing process was carried out.

Fig. 13 shows the EIS curves of the scratched EPGSi-15% sample at different immersion
times. After 24 hours of immersion, the impedance value at low frequencies has shown five
times decrease compared to the sample without scratches. Nevertheless, after 36 hours, the
diameter of the semicircle of the capacitive loop in the Nyquist curve has become larger and
the capacitive behavior has appeared in a larger range compared to 24 hours. The phase angle
has increased significantly compared to the time of 24 hours, and the breakdown frequency
has moved significantly to lower frequencies (bode-phase curve). All these samples indicate
the ability of active repair for self-healing coatings after the initial damage. Self-healing
materials have prevented the diffusion of the corrosive environment into the coating and have
led to the improvement of the protective performance of the coating system. With the further
increase of the immersion time, the impedance values in low frequencies have been
continuously decreasing. This behavior is in good agreement with the reduction of the
diameter of the Nyquist semicircle and the reduction of the phase angle. However, in the

EPGSi-15% sample compared to the EPGSi-7% and EPGSi-10%, the magnitude of the



impedance is higher at all immersion times, and the rate of impedance reduction is low. In
such a way, after 16 days of immersion, the maximum impedance value at low frequencies of
the scratched EPGSi-15% sample is equal to 1.39x10° Q.cm® which is three times more than
the scratched EPGSi-10% sample (4.26x10* Q .cm?) under the same conditions. In fact, in
the EPGSi-15% sample, due to the higher concentration and deposition of core-shell fibers
with a more uniform distribution, it is possible to load more and better self-healing material,
which leads to better self-healing and increases the barrier properties as a result of the
formation of the passive layer. The data in Table 6 show a good agreement between the
values obtained by fitting the impedance curves at different immersion times. The values of
R. and R after 36 hours, in comparision to 24 hours, increased. Increasing R, and R
indicates the formation of a passive film at the interface of the metal and coating layer, which
can affect the adhesion of the epoxy coating to improve the surface of the metal and prevent
the cathodic delamination of the coating, and limits the diffusion of corrosion products under
the coating. There is no significant difference in the increase of the capacitor capacitance of
the coating and the double layer capacitor capacitance, which shows the diffusion of water in
the coating, is the lowest and the passive film has limited the access of the corrosive
electrolyte to the active sites on the surface of the steel substrate. Cathodic and anodic
reactions have occurred in the presence of the passive film at the lower level and have
resulted in lower corrosion products undei the coating [56-58].

The results related to the data obtained from the fitting curves of the EIS plots in this case
also show in Figs.14 that the increase of electrochemical corrosion reactions at the metal-
coating interface with the decrease of R, and R and the increase of CPE. and CPEy with the
increase of immersion time. In fact, after creating a scratch, the self-healing process occurred
in the first 24 hours of immersion. But with the increasing immersion time, the resistance
value of the coating system at low frequencies has a sharp drop, and the capacitor capacity of
the coating system has increased sharply. In the EPGSi-7% sample, since a PVA polymer
solution with a low concentration was used to form the shell in the core-shell fibers, and
according to the morphological investigations carried out in this case, the diameter of the
core-shell fibers had the lowest amount, and as a result, a lower amount of self-healing
material was loaded, and a weaker self-healing process was observed in this case compared to
10 and 15 wt. %.

So, by increasing the shell polymer solution concentration from 7 to 10 wt. %, the diameter
of the core-shell fibers increased, the amount of self-healing material loading increased, and

finally, a greater self-healing process was performed than EPGSi-7%. In the EPGSi-15%



sample, compared to the EPGSi-7% and EPGSi-10% samples, the magnitude of the coating
resistance is higher in all immersion times and the rate of resistance decrease with the
passage of time is lower. In such a way that after 16 days of immersion, the resistance of the
scratched sample coating system in the EPGSi-15% sample is equal to 1.39x10° Q.cm?,
which is lower than the resistance value in the EPGSi-10% sample (4.26x10* Q.cm?) at the
same time is three times larger. Furthermore, in the EPGSi-15% sample, due to the higher
concentration and the deposition of core-shell fibers with a more uniform distribution, it is
possible to load more and better self-healing material, which leads to the better self-healing,
increasing the barrier property and formation of the passive layer at the metal-coating system
interface. The amount of CPEy in nanocomposite coatings containing core-shell fibers in the
EPGSi-15% sample after 148 days is the lowest compared to EPGSi-7% and EPGSi-10%
samples, which shows the better protective performance of nanocomposite coatings
containing core-shell fibers on it. The change process of R is in accordance with R, with the
difference that R, is related to the state of the metal-coating inteiface, such as the separation
of the interface, the compression of corrosion products or th¢ foimation of passive films in
the interface.

The release kinetics of self-healing agents encapsulated within polyvinyl alcohol (PVA)
shells are profoundly influenced by the concentration of PVA, which governs shell
morphology, thickness, and permeability factors that collectively dictate the rate and
efficiency of agent release [ 59-601.

Higher PVA concentrations typically yield thicker, less porous shells that impede molecular
diffusion, whereas lower concentrations produce more permeable and porous structures that
facilitate faster release; this relationship was empirically validated by Mizrahi et al. (2025),
who observed an inverse correlation between PVA concentration and healing agent release
rate from microcapsules. While mechanical damage such as scratches, cracks, or other forms
of stress-induced fracture remains the primary trigger for agent release by rupturing the shell
and exposing its contents, additional stimuli can significantly modulate the release process
[61]. Environmental factors, including variations in pH and temperature, alter the solubility
and swelling behavior of PVA, thereby influencing diffusion dynamics; for instance, Liu et
al. [62] demonstrated that elevated temperatures enhanced the release of healing agents from
PV A-based microcapsules.

Similarly, mechanical stress beyond simple scratching such as bending, compression, or
cyclic loading can also induce shell failure and promote agent liberation, as evidenced by

Wei et al. [63] who reported increased release under repeated loading conditions. Critically,



the synergistic interplay between mechanical and environmental stimuli enables the design of
multi-responsive, dual-triggered self-healing systems that offer superior adaptability and
healing performance in complex service environments.

In fact, with the increase in the concentration of the PVA polymer solution of the shell related
to the core-shell fibers, the diameter of the shell has increased and more healable materials
are loaded in core-shell fibers and the penetration of corrosive solution and electrochemical
reactions of corrosion in the scratch area have been prevented [41-42]. Based on the results of
electrochemical impedance spectroscopy and surface examination of the scratched area, it can
be concluded that the composite coating system containing core-shell fibers, which is made
of 15 wt. % PVA solution for electrospinning, has better self-healing and protection
performance than other samples. The digital camera images of the surface area of composite
coating samples containing core-shell fibers with 7, 10, and 15 wt. % concentrations of PVA
shell after the salt spray test are presented in Fig. 15. The first signs of rust appeared after
48h, while there were no signs for samples with 15 wt. %. The first signs of blistering in the
scratch area appeared for the sample with a concentration of 7 wt. % of PVA after 144 hours
of the salt fog test, and the intensity of rusting is greater than in the sample with a
concentration of 10 wt. %. After 168 hours, the initial blisters started to grow for the sample
with a concentration of 7 wt. %, while for the sample with a concentration of 10 wt. %, a few
blisters have been formed on the surface of the scratched area. Over time of the salt spray
test, blisters grow in the scratched area, and at 264 hours, blisters appeared in other areas of
the sample with a concentration of 7 wt. %, while in the sample with a concentration of 15
wt. %, there were no blisters and corrosion products. In addition, the intensity of corrosion
products and rusted areas in the scratch area and its surroundings in the sample with 7 wt. %
concentration has grown at a higher rate than the sample with 10 wt. % concentration and
reached its highest level after 384 hours. It is no significant difference after 408 to 480 hours.
Investigation of the images of the core-shell fiber morphology increased in the shell polymer
solution concentration, the diameter of the fibers increases, and the loading rate of the self-
healing core material increased. Therefore, there is a possibility of higher loading of repair
material and the self-healing process, and this is the reason for the fewer corrosion products
on the surface of the scratched area of the 15 wt. % samples [66-67].

3.3.3. Investigation the morphology of the scratched area

In Fig. 16, the morphology of the scratch area of the samples containing electrospun core-
shell fibers in different concentrations of 7, 10, and 15 wt. % PVA as a shell was investigated

using FE-SEM. As it has been observed, on the surface of the coating containing core-shell



fibers with a concentration of 7 wt. % shell, the scratched area has been healed to a small
extent, and some corrosion products can be seen in the areas around the scratch (Fig. 16A1).
By increasing the concentration of the polymer shell to 10 wt. %, the scratch area has been
partially healed, and the edges of the scratch area on the left side do not show any traces of
corrosion products and roughness (Fig. 16B1). In the sample containing core-shell fibers with
a concentration of 15 wt. % shell, no traces of corrosion and corrosion products were
observed on both sides of the edges of the scratched area, and the scratched area was
completely healed (Fig. 16C1). Qualitative EDAX analysis taken from the surface of the
scratched area of these samples shows the presence of more silicon element released from the
polydimethylsiloxane core material in the scratched area with 15 wt. % concentration.
According to Fig. 15 in the scratched area of the sample containing core-shell fibers in the
concentration of 7, 10, and 15 wt. %, the number of elements was summarized in Fig. 16 (A2,
B2, and C2). As can be seen, with the increase in the concentration of the polyvinyl alcohol
polymer shell from 7 to 10 and 15 wt. %, respectively, the weiglit percentage of oxygen and
chlorine elements as active elements of the corrosive environment decreased, and the weight
percentage of silicon and iron elements increased. It is the reason for improving the corrosion
performance and self-healing of the coating.

If it is inferred from the examination of moiphoiogy related to coaxial electrospun core-shell
fibers in different shell concentrations, with the increase of shell concentration, the diameter
of core-shell fibers is gotten bigger than before, and the possibility of loading self-healing
core materials and repairing the scratched area has increased with the time. It provides the
release of polydimethylsiloxane material due to the dissolution of the PVA polymer material
of the shell in contact with the aqueous solution. These results confirmed the electrochemical
investigations of impedance spectroscopy and morphology of the scratch area after the salt
spray test [68-69].

3.4. Structure and Mechanism of self-healing nanocomposite coating

The structure of epoxy-silanized graphene oxide nanocomposite coating system containing
core-shell fibers is presented in Fig. 17. As can be seen, the coating system consists of three
layers. The first layer is made of epoxy-silanized graphene oxide nanocomposite coating on
the metal substrate, the second layer is core-shell fibers, polydimethylsiloxane-polyvinyl
alcohol and the third layer is composed of epoxy- silanized graphene oxide nanocomposite
coating. Fig. 18 shows the protection mechanism of the nanocomposite coating system
containing core-shell fibers. When local corrosion occurs, regeneration and oxidation

reactions take place and cause pH distribution in the cathodic and anodic areas. In the case of



local corrosion in organic coating systems, the damaged area of the organic coating can be
the anode, and the undamaged area acts as the local cathode. The regeneration of oxygen in
the cathodic areas leads to alkalization, which raises the pH value to above 5. Due to the pH
changes in the damaged areas, self-healing materials inside the fibers are released through
these polymer nanochannels. Silane compounds are one of the important materials that are
used as repairing agents and forming protective films. Silane precursor has organic groups
along with silicon, which tend to hydrolyze in the water environment. The hydrolysis reaction
leads to cross-linking, which ultimately leads to the formation of a solid coating film. Such a
feature shows the potential of this material as a repair agent in organic coatings. The self-
healing mechanism of epoxy-silanized graphene oxide nanocomposite coating systems
containing core-shell fibers, and polydimethylsiloxane-polyvinyl alcohol, due to the diffusion
of the corrosive solution inside the coating system and contact with the core-shell fibers leads
to the release of the polydimethylsiloxane polymer as a result of the dissolution of the
hydrophilic polyvinyl alcohol polymer shell and a passive proicctive layer. That layer
prevents further penetration of corrosive ions in the coating sysiem. After diffusion of the
aqueous solution into the coating, Si-OR groups are hydrolyzed and form Si-OH bonds.
Moreover, in the following condensation reactions happened, other Si-O-Si and Si-O-C
bonds are formed inside the coating. By the formation of these silane bonds in the epoxy
polymer matrix, the density of the cross-link increases, and the diffusion paths of the
electrolyte in the coating system arc reduced [68-70].

In epoxy—graphene oxide nanocomposite systems incorporating core—shell nanofibers with
polydimethylsiloxane (PDMS) as the core healing agent, a critical trade-off exists between
mechanical performance and self-healing efficiency. While PDMS enhances self-healing due
to its low surface energy, fluidity, and ability to flow into and seal microcracks, its
incorporation can adversely affect key mechanical properties. Excessive PDMS content may
reduce interfacial adhesion between the nanofibers and the epoxy matrix, compromising
structural integrity under mechanical load, and can also lower the composite’s overall
hardness and stiffness—attributes essential for applications requiring rigidity and load-
bearing capacity. Moreover, an overabundance of PDMS may impede healing kinetics by
creating an overly soft or viscous network that hinders the efficient diffusion and distribution
of the healing agent. The viscoelastic nature of PDMS further contributes to energy
dissipation during crack propagation, which can be beneficial for damage tolerance but
simultaneously diminishes elastic modulus and strength. Additionally, high PDMS loading

can disrupt the uniform dispersion of graphene oxide—a key nanofiller that imparts strength



and stiffness—potentially leading to agglomeration and diminished reinforcement. Therefore,
achieving an optimal balance between self-healing functionality and mechanical robustness
requires precise control over PDMS concentration. Systematic evaluation of varying PDMS
loadings, with concurrent assessment of mechanical properties (e.g., adhesion, hardness,
stiffness) and healing efficiency, is essential to identify a formulation that satisfies the dual
demands of structural performance and autonomous repair in targeted applications [71-73].

4. Conclusion

In this research, a coating system resistant to corrosive environment and self-healing was
produced with the polydimethylsiloxane-polyvinyl alcohol core-shell nanofibers in epoxy-
silanized graphene oxide nanocomposite coating. The morphological investigations of core-
shell fibers were conducted with using TEM, FE-SEM and fluorescent microscope analysis in
order to determine the optimum condition. So the silane epoxy-graphene oxide coating
containing electrospun core-shell fibers with 15 wt. % PVA solution was selected as the
optimal sample. The EIS test was used to investigate the protective and self-healing
performance of the nanocomposite coating system containing corc-shell fibers. Also, the salt
spray test was performed on the coated steel substrates and the surface of the scratched area
exposed to the accelerated corrosive environment was checked with the help of FE-SEM
microscope and EDAX analyzer. The existence of self-healing properties due to the release of
core materials from the core-shell fibers in the silane epoxy-graphene oxide nanocomposite
coating system when the corrosive aqueous materials collide through the pores and cracks
created in the coating during the immersion time causes the increase in the resistance of the
coating system. The results of the high impedance resistance of the coating system after 148
days of immersion of the sample without scratches and 16 days of immersion of the sample
with scratches indicate the excellent performance of corrosion resistance and self-healing of
the nanocomposite coating system containing core-shell fibers.

The durability and longevity of the self-healing mechanism are critical factors governing its
repeatability and long-term efficacy. Over time or with repeated activation, healing agents or
the delivery infrastructure may degrade, potentially diminishing the material’s capacity to
heal effectively. Experimental evidence indicates that while many self-healing materials can
undergo multiple healing cycles, they often exhibit diminishing returns in terms of recovered
mechanical properties or barrier performance after each event, underscoring the need for
systematic investigation into the cumulative effects of repeated healing. Vascular inspired
systems offer a distinct advantage in this regard: by mimicking biological circulatory

networks, they enable theoretically unlimited healing cycles, provided the fibrous or channel-



based network remains intact and functional. Their interconnected architecture facilitates a
dynamic and distributed response to damage allowing healing agents to be rerouted through
undamaged pathways to reach affected regions, thereby ensuring adaptability and resilience.
In contrast, capsule based systems are inherently limited by the finite number of pre-
embedded microcapsules, supporting only a fixed number of localized healing events without
the possibility of replenishment or network level adaptation. Consequently, vascular systems
not only enhance repeatability but also provide a more robust and responsive framework for

long-term corrosion protection or structural self-repair in advanced coating technologies.
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FIG. 1: The FTIR spectrums of polyvinyl alcohol (PVA) solution, polydimethylsiloxane (PDMS)
solution and core-shell fibers (PVA-PDMS).



FIG. 2: TEM image of core-shell structure in PDMS-PV A nanofibers.
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FIG. 3: The FE-SEM (A, B, C) and fluorescent microscope(D) images of electrospinning
core-shell fibers at 13kV voltage, core feeding rate 0.2 mL.h™", distance 18 cm from the tip of
the syringe needle to the collector, polymer solution 40 wt. % Polydimethyl siloxane (core),
and different concentration of polyvinyl alcohol solution (shell); (A) 7, (B) 10 and (C) 15 wt.
%
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FIG. 4: The FE-SEM images of 0.2 wt. % epoxy composite coating of pure graphene oxide (A) and
silane graphene oxide (B) along with EDS elemental analysis of the surface of epoxy-silane graphene
oxide composite coating (C).
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FIG. 5: The FE-SEM image of the cross-sectional surface of epoxy-silane graphene oxide coating
containing core-shell fibers (A), the cross-sectional image of the middle layer of the coating system
(B), the linear elemental EDS analysis along the green arrow and coating thickness (C) and the
magnification of the middle layer of the coating system (D).
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FIG. 6: The EIS curves of silane epoxy-graphene oxide coating containing electrospun core-shell
fibers with 7 wt. % PV A solution (A) Bode curves from 1 to 148 days, (B) Bode-phase curves from 1
to 148 days, (C) Nyquist curve 1 day, (D) Nyquist curves 5, 12, 18, 29 and 46 days, (E) 63, 78, 99,
120 and 132 days and (F) 148 days immersion in 3.5 wt. % sodium chloride solution.
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silanized in 3.5 wt. % sodium chloride solution in initial times (A) and long immersion times (B)
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FIG. 8: The EIS curves of silane epoxy-graphene oxide coating containing electrospun core-shell
fibers with 10 wt. % PV A solution (A) Bode curves from 1 to 148 days, (B) Bode-phase curves from
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99, 120, 132 and 148 days immersion in 3.5 wt. % sodium chloride solution.
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FIG. 9: The EIS curves of silane epoxy-graphene oxide coatiiig containing electrospun core-shell
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FIG. 12: EIS curves of epoxy-silane graphene oxide coating system containing electrospun core-shell
fibers with 10 wt. % PV A solution scraiched (A) Bode curves from 24 hr to 16 days, (B) Bode-Phase
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curves for 8 and 12 days, () Nyquist curve for 16 days immersion in 3.5 wt. % sodium chloride
solution.
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FIG. 13: EIS curves of epoxy-silane graphene oxide coating system containing electrospun core-shell
fibers with 15 wt. % PV A solution scratched (A) Bode curves from 24 hr to 16 days, (B) Bode-Phase
from 24 hr to 16 days, (C) Nyquist curve for 24 hours, (D) Nyquist curve for 36 hours, (E) Nyquist
curves for 8, 12 and 16 days immersion in 3.5 wt. % sodium chloride solution.
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FIG. 14: The changes of (A) Equivalent capacitance of coating system, (B) Resistance of coating
system, (C) Capacitance of double layer and (D) Charge transfer resistance of epoxy-silane graphene
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FIG. 15: Digital images of salt spray test from the surface area of the coating samples
containing core-shell fibers electrospun in concentrations of 7, 10 and 15 wt. % PV A shell

and after 480 hours exposed to 5+1 wt. % sodium chloride environment.
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FIG. 17: The schematic picture of the structure of epoxy-silane graphene oxide nanocomposite
coating system containing core-shell fibers.
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FIG. 18: The schematic picture of the self-healing mechanism of the silane-oxide-graphene
epoxy nanocomposite coating system containing core-shell fibers after creating.



Table 1: Electrochemical parameters related to fitting the impedance curves of the epoxy-

silanized graphene oxide coating system containing electrospun core-shell fibers with 7 wt. %

PVA solution with EEC during 148 days of immersion in 3.5 wt. % chloride solution sodium.

Sample Time R CPE. n R. CPEy n Ret
(d) (Q.cm?) (Yo(s".Q .cm™)) (Q.cm®)  (Yo(S".Qtem?) (Q.cm?)
EPGSi-7% 1 6.521x10° 1.59x10° 0.981 5.95x10° - - -
5 1.138x10" 2.036x10™%° 0.972 1.01x10° - - -
12 1.466x10" 4.63x10™%° 0.965 9.09x10° - - -
18 7.261x10° 6.19x10™° 0.961  5.2x10° - - -
29 3.867x10" 1.012x10° 0.947 2.61x10° - - -
46 3.427x10* 3.71x10%° 0.935 8.06x10° - - -
63 2.567x10" 1.825x10” 0.835  4.81x10° 5.926x10° 0.731 7.18x10°
78 8.067x10" 5.184x10° 0.851 5.78x10° 2.371x10° 0.769 9.02x10°
99 8.496x10" 6.238x10" 0.814 3.11x10° 8.174x10° 0.710 4.93x10°
120 1.471x10" 8.963x10" 0.782  3.01x10° 8.869x10° 0.693 4.71x10°
132 1.297x10" 1.954x10” 0.827  4.63x10° 5.195x10° 0.949 7.68x10°
148 7.601x10° 7.384x10” 0.741  1.52x10° 3.917x10° 0.674 2.59x10"




Table 2: Electrochemical parameters related to fitting the impedance curves of the epoxy-

silanized graphene oxide coating system containing electrospun core-shell fibers with 10 wt.

% PV A solution with EEC during 148 days of immersion in 3.5 wt. % chloride solution

sodium.
Sample Time R CPE. n R. CPEq n Ret
(d) (Q.cm?) (Yo (S".Q".cm™)) (Q.cm?) (Yo(s".Q .cm™) (Q.cm?)
EPGSi-10% 1 100 1.01x10™° 099  8.26x10" - - -
5 1.748x10" 1.97x10™"° 0.98  7.81x10" - - -
12 1.256x10° 2.94x10™"° 0.98  2.51x10" - - -
18 6.472x10° 8.94x10™"° 0.97 8.01x10’ - - -
29 3.670x10* 3.84x10° 0.96 2.96x10° - - -
46 5.670x10° 1.35x10°° 097  4.91x10° - - -
63 5.670x10° 4.13x10° 0.96 1.74x10° - - -
78 5.670x10° 2.13x107 0.96 2.65x10° - - -
99 4.670x10° 6.93x10°® 891.0  2.69x10’ 1.37x10°® 0.784  2.95x10°
120 1.148x10" 8.941x10~ 865.0  2.04x10’ 1.28x10° 0.712  1.635x10°
132 1.880x10" 3.381x10° 897.0  2.93x10’ 1.02x10° 0.795  5.19x10°
148 1.328x10" 7.357x10” 851.0  1.17x10’ 1.52x10° 0.715  2.16x10°




Table 3: Electrochemical parameters related to fitting the impedance curves of the epoxy-

silanized graphene oxide coating system containing electrospun core-shell fibers with 15 wt. %

PVA solution with EEC during 148 days of immersion in 3.5 wt. % chloride solution sodium.

Sample Time R CPE, n Re CPEy n Ret
(d) (Q.cm?) (Yo (S".Q 1 .cm™)) (Q.cm?) (Yo(s".Q".cm™)) (Q.cm?)
EPGSi-15 % 1 7.91x10° 1.08x10™"° 0.995  8.5x10" - - -
5 1.32x10° 2.4x10™° 0.981  5.1x10" - - -
12 6.48x10° 4.7x10™ 0.973  1.01x10% - - -
18 3.34x10° 6.2x10™° 0.971 8.3x10° - - -
29 2.28x10° 6.5x10™° 0971  8.1x10° - - -
46 1.054x10" 5.7x10™ 0.997 1.17x10" - - -
63 2.669x10° 4.13x10™ 0.984  1.4x10" - - -
78 1.322x10° 1.05x10™° 0.986  9.03x10" - - -
99 1.012x10° 5.71x10™ 0.987  8.41x10° - - -
120 1.351x10" 3.48x10° 0.953  1.11x10® 2.67x10° 0.892 1.3x10’
132 1.681x10" 9.18x10° 0.961  2.03x10° 5.36x10° 0.897 3.4x10°
148 1.886x10° 4.75x10°® 0.901  4.21x10’ 2.36x107 0.851 9.83x10°
Table 4: Electrochemical parameters related to fitting the impedance curves of epoxy-silane
graphene oxide coating system containing electrospun core-shell fibers with 7 wt. % scratched
PVA solution with EEC during 16 days of immersion in 3.5 wt. % sodium chloride solution.
g Y
Sample Time R CPE, n R. CPEy n Ret
(d) (Q.cm?) (Yo (s".Q".cm™)) (Q.cm?) (Yo(S".Q".cm™)) (Q.cm?)
EPGSi-7%-sch 24 h 6972 3.055x107 0.92  2.197x10’ 2.291x10” 0.61 5.017x10°
36 h 4.704 8.909x10° 0.78  1.453x10° 2.752x10° 0.57 1.371x10"
8d 753 4.164x10™ 0.53  8.379x10° 7.398x10™ 0.50 6.875x10°
12d 623 1.072x10° 0.62  3.021x10° 1.353x10° 0.58 2.953x10"
16 d 415 8.74x10™ 0.49  4.266x10° 9.962x10™ 0.48 3.816x10°




Table 5: Electrochemical parameters related to fitting the impedance curves of epoxy-silane

graphene oxide coating system containing electrospun core-shell fibers with 10 wt. % scratched

PVA solution with EEC during 16 days of immersion in 3.5 wt. % sodium chloride solution.

Sample Time R CPE. n R. CPEy n Ret
(d  (Qem) (Yo (s"Qlem?)) (Q.cm?) (Yo(s".Q.cm?)) (Q.cm?)
EPGSi-10%-sch 24h 11276 6.384x10° 0.84  1.763x10° 7.012x10° 0.83 1.438x10°
36h 11327 1.257x10° 0.85  7.019x10’ 1.021x107 0.67 9.271x10°
8d 29710 7.427x10” 0.72  1.531x10° 1.743x10°° 0.89 7.931x10°
12d 11276 7.169x10° 0.69  1.296x10° 2.482x10° 0.86 3.158x10°
16d 7962 9.751x10° 0.63  4.261x10" 1.159x10° 0.62 3.957x10*




Table 6: Electrochemical parameters related to fitting the impedance curves of epoxy-silane

graphene oxide coating system containing electrospun core-shell fibers with 15 wt. % scratched

PVA solution with EEC during 16 days of immersion in 3.5 wt. % sodium chloride solution.

Sample Time R CPE, n Re CPEy n Ret
(d)  (Qem®) (Yo (s".Qt.cm?) (Q.cm®)  (Yo(s".Qt.cm™) (Q.cm?)
EPGSI-15%-sch  24h 13169 1.857x10° 0.82  7.760x10° 1.864x10° 0.75 3.728x10°
36 h 9612 4.41x10™ 0.96  4.448x10° 3.27x10° 0.89 2.175x10’
8d 19031 6.158x10™"° 0.93  2.451x10° 5.628x10° 0.83 4.909x10°
12d 19031 7.628x10™"° 0.86  1.312x10° 8.156x10° 0.80 2.173x10°
16d 17321 7.121x10™ 0.87  1.41x10° 7.476x10° 0.81 2.671x10°




