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a self-healing agent to enhance the corrosion resistance of Mg alloys. The BTA in the shell

provides immediate corrosion protection by forming a passive barrier layer under acidic or KEYWORDS

alkaline conditions. At the same time, the LO in the core offers sustained self-healing by Smart coating

sealing defects over time. Dual-functional poly(urea-formaldehyde) (PUF) microcapsules were Benzotriazole

synthesized via in-situ polymerization, incorporating BTA within a chitosan-alginate multilayer Linseed oil

shell and LO in the core. The controlled release behaviour of BTA was analysed in acidic (pH Magnesium alloy

4) and alkaline (pH 10) conditions, revealing an enhanced release profile in acidic
environments, which facilitates targeted corrosion inhibition. The structural and chemical
properties of the microcapsules were characterized using FTIR, UV-Vis spectroscopy, SEM-
EDX, and optical microscopy. The corrosion protection performance of the smart coating was
evaluated on AZ31 Mg alloy substrates using electrochemical impedance spectroscopy. The
results confirmed that the smart coating significantly improved the corrosion resistance of the
AZ31 Mg alloy, with film resistance (Riim) values of 7.211 x 10* Q-cm? at pH 4 and 7.964 x
10* Q-cm? at pH 10. These values are higher than those of the epoxy-coated and uncoated
AZ31 Mg alloy, indicating the formation of strong passive layers that impede electrolyte
penetration. The increased Rim shows the effectiveness of coating in enhancing corrosion
inhibition and self-healing capabilities under both acidic and alkaline conditions. Overall, this
study demonstrates that utilizing biodegradable, pH-responsive multilayer microcapsules is a
promising and environmentally friendly approach to protecting magnesium alloys from
corrosion. These results suggest that this smart coating could be a practical and
environmentally friendly solution for protecting lightweight metals, particularly in vehicles and
similar applications.

1. INTRODUCTION

Corrosion presents significant global challenges, including materials safety, environmental reliability, and economic
stability, with annual costs estimated at approximately US$2.5 trillion, equating to 3.4% of the global gross domestic
product (GDP). Industries widely use magnesium (Mg) alloys due to their lightweight and high-strength properties. The
industries' players that widely use Mg alloys are Boeing 727, Chevrolet Corvette, and orthopaedic implants [1]. However,
the sensitivity of Mg alloys to corrosive media in the surrounding environment requires effective protective measures.
Paints and coatings have been developed as a cost-effective and environmentally friendly solution to reduce metal
degradation. Epoxy coatings are one of the preferred coatings due to their durability, chemical resistance, and cost-
effectiveness. Despite these advantages, epoxy coatings often exhibit microcracks that are not visible, which can
significantly impair their long-term performance by allowing the oxidation process to occur [2-4]. Latest progress has
focused on enhancing the corrosion resistance of Mg alloys through the development of anti-corrosion coatings with
improved adhesion, wear resistance, and environmental sustainability.

To minimize the oxidation of Mg alloys and extend their lifespan, particularly in automotive applications such as the
floor and suspension components, several protective solutions have been developed over time [2, 5]. Traditional methods,
such as wax, sealants, glue, and hard cover, are used in the automotive industry to prevent chipping that can lead to
oxidation. However, these techniques are insufficient to provide long-term protection of the component. Recent
advancements have focused on developing environmentally friendly and effective coatings to address the limitations of
traditional methods. For instance, plasma electrolytic oxidation (PEQ) has emerged as a promising technique, producing
ceramic-like coatings that significantly enhance corrosion resistance and wear properties of Mg alloys [6]. Additionally,
sol-gel coatings have gained attention due to their ability to form uniform, adherent, and corrosion-resistant layers, often
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incorporating nanoparticles to further enhance performance [7]. Moreover, the development of superhydrophobic coatings
has shown the potential to reduce corrosion by minimizing water contact with the Mg alloy surface. These coatings create
a water-resistant surface, thereby decreasing the chance of corrosion initiation [8]. Furthermore, research into layered
double hydroxide (LDH) coatings has demonstrated their capability to act as anion-exchange materials, providing active
corrosion protection by releasing inhibitive species in response to corrosive environments [9]. These innovative
approaches aim to address the environmental concerns and performance limitations associated with traditional coatings,
providing sustainable and efficient solutions for protecting magnesium alloys in various applications. The development
of protective coatings applied to Mg alloys over the years is depicted in Table 1.

Table 1. Trend of coating applied on Mg within 10 years

Coating type Coating constituent Purposes Alloy Years References
Plasma Compounds calcium hydrogen Biomaterial Mg alloys 2015 [10]
electrolytic phosphate dehydrate (DCPD), Octa
oxidation (PEO)  calcium phosphate (OCP), tricalcium
coating phosphate (TCP), and hydroxyapatite

(HA)
Microarc Trivalent cerium (Celll) Chitosan Smart biomaterial Mg-1Ca 2016 [11]
Oxidation
(MAO/PEO)
coating
Cerium-based La (NO3)3-6H20 or Ce (NO3)3-6H.0, Self-healing AZ91D 2017 [12]
conversion gelatine and chitosan coating
coating
Electroless Ni SiO; Nanocontainer (NC)/2- Orthopaedic AZ31 2018 [13]
coating mercaptobenzothiazole implant

(MBT)incorporated Ni coating
COz>-LDH Tungstate intercalated (WO42LDH) Superhydrophobic ~ AZ31B 2019 [14]
conversion film conversion film, Na,CO3:Mg coating

(NO3)2-6H20 and Al (N03)3-9H20
Micro arc NaOH, Na;SiO3; and KF Implant AZ31 2020 [15]
oxidation coating
Micro arc Poly (1,4-butylene adipate) (PBA), Self-healing AZ31B 2021 [16]
oxidation coating  isophorone diisocyanate (IPDI), coating

dibutyltin dilaurate (DBTDL), 4'-
Diamino diphenyl disulphide (DTDA)

Epoxy resin HEG-12 modified with PDA and BTA  Biomaterial AZ31 2022 [17]

coating (PBG), epoxy resin

PEO/PDA duplex plasma electrolytic oxidation Cytocompatibility AZ91 2023 [18]

coating (PEO)/polydopamine (PDA)

LDH coating chitosan and layered double hydroxides Biomedical AZ31 2024 [19]
(LDH)

However, the increasing environmental and health concerns regarding hazardous substances, such as Volatile Organic
Compounds (VOCs), Hazardous Air Pollutants (HAPs), and Chromium (V1), have led to strict regulations and the need
for eco-friendly alternatives. Chromate-free coatings have arisen from the development of Chromium-based coatings due
to their highly toxic and carcinogenic nature [20]. Consequently, to improve the sustainability of Mg protection,
researchers have focused on developing coatings with low VOC content, non-hazardous air pollutants, and non-toxic
corrosion inhibitors [21]. To overcome the limitations of conventional coatings, smart coatings have been developed as
an alternative strategy that helps prevent oxidation from occurring. These coatings not only provide passive protection
but also actively respond to environmental stimuli, making them highly effective in terms of corrosion resistance [22].
The term “smart coating” refers to the functionalities of the coating that can autonomously react to environmental stimuli
[23]. Smart coatings are widely used for carbon steel and steel, but are still limited for Mg alloys. Smart coatings can
autonomously recover when there are changes in temperature, humidity, light, or mechanical stress, and even inhibit the
growth of fouling agents such as bacteria and algae [20]. These multifunctional capabilities significantly improve material
durability and performance in aggressive media and environments. The concept of smart coatings operates by sensing
changes in the environment and initiating a suitable response to those stimuli [24]. They will release the active agents in
a controlled manner to prevent the propagation of the cracks in the protective layer [25]. There are two types of smart
coating approaches: directly incorporating inhibitors into the coating or encapsulating the inhibitors within microcapsules
or nanocapsules [26]. These inhibitors require a trigger mechanism, such as changes in pH, temperature, or humidity, to
control their release.
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Among various trigger mechanisms, pH-responsive systems have gained attention for corrosion protection, as they
can release active agents in response to localized pH changes induced by electrochemical reactions [27]. This mechanism
is particularly effective for Mg alloys, which are highly prone to corrosion in chloride-containing environments. Two
main approaches have been explored for developing these coatings: directly incorporating corrosion inhibitors into the
coating matrix or encapsulating them within microcapsules for controlled release [26]. The latter approach, which
involves multilayer polyelectrolyte microcapsules composed of chitosan and alginate, has been recognized as an
environmentally friendly and efficient strategy for achieving pH-responsive corrosion protection [28,29]. Additionally,
integrating film-forming agents such as linseed oil (LO) enhances the self-healing capability of these coatings by restoring
the protective barrier when mechanical damage occurs [30].

An earlier study by Da Cunha et al. [28] developed dual-functional multilayer microcapsules encapsulating linseed
oil, with benzotriazole (BTA) entrapped between chitosan and alginate layers to achieve both mechanical stability and
pH-responsive behavior on Carbon Steel. The study revealed that BTA release was significantly higher in acidic
conditions (pH < 5) than in alkaline environments due to the pH-sensitive conformational changes of chitosan and
alginate, which facilitated controlled inhibitor release at corrosion-prone sites. Furthermore, electrochemical impedance
spectroscopy (EIS) demonstrated that coatings incorporating these microcapsules exhibited enhanced corrosion
resistance, with higher polarization resistance (Ry) and charge transfer resistance (Rc) values compared to neat epoxy
coatings. This suggests that incorporating pH-responsive biopolymer-based microcapsules into protective coatings offers
a promising strategy for active corrosion inhibition, providing a self-healing effect while maintaining environmental
sustainability. The most recent study by Flavio et al. [19] investigated a novel approach incorporating chitosan and layered
double hydroxide (LDH) loaded with natural anions as corrosion inhibitors. Their findings demonstrated that the release
of the kinetic inhibitor increased progressively with rising pH levels (7, 9, 10, and 11), highlighting the potential of LDH
as an effective smart container for controlled inhibitor release. Among the tested coatings, the formulation containing
gallate anions exhibited the highest impedance, the lowest hydrogen evolution rate, and a surface free of visible corrosion
products after 21 days of exposure to a corrosive environment.

A multilayer pH-responsive polyelectrolyte system consists of alternating layers of oppositely charged
polyelectrolytes that respond dynamically to fluctuations in the surrounding pH, enabling controlled release and adaptive
surface properties [31]. Polyelectrolytes are charged macromolecules containing ionizable functional groups, such as
amine (-NHs") or carboxylate (-COO") groups, which dissociate in aqueous solutions to generate charged species [32],
[33]. One of the most widely employed techniques for constructing multilayer polyelectrolyte films is the layer-by-layer
(LbL) assembly method, which involves the sequential adsorption of oppositely charged polyelectrolytes onto a substrate
through electrostatic interactions. This technique enables precise control of film thickness, composition, and functionality,
making it a versatile approach for developing smart coatings [34]. The pH-responsiveness of these multilayer coatings is
attributed to the ionizable groups present in the polyelectrolyte chains, which undergo protonation or deprotonation in
response to variations in environmental pH [35]. These changes alter the electrostatic interactions within the multilayer
structure, leading to modifications in key coating properties such as permeability, mechanical strength, swelling
behaviour, and controlled release capabilities [36]. Such tuneable characteristics make multilayer pH-responsive
polyelectrolyte coatings highly effective in corrosion protection applications, as they facilitate the selective and targeted
release of corrosion inhibitors in response to localized pH shifts at defect sites, thereby enhancing the self-healing ability
of protective coatings [37].

This study aims to investigate the interaction mechanisms of pH-responsive multilayer microcapsules within an
epoxy-based smart self-healing coating for AZ31 Mg alloy. Dual-functional poly(urea-formaldehyde) (PUF)
microcapsules, loaded with LO as a self-healing agent, were synthesized via in-situ polymerization. Simultaneously, pH-
sensitive multilayer microcapsules containing benzotriazole (BTA), a well-established corrosion inhibitor, were
developed using a layer-by-layer assembly of chitosan and alginate. The controlled release of BTA in response to pH
variations enhances corrosion protection by effectively mitigating both anodic and cathodic reactions. By evaluating the
effects of BTA and chitosan concentrations on the corrosion resistance and self-healing performance of multilayer smart
coatings, this research provides a novel approach to improving the long-term durability of Mg alloys in harsh
environments.

2. MATERIALS AND METHODS
2.1  Materials

AZ31 magnesium alloy was used as the substrate, with an elemental composition of 3 wt.% Al, 0.83 wt.% Zn, 0.31
wt.% Mn, and trace amounts of Si, Fe, Cu, and Ni, with the balance being Mg. The substrates were cut into 2 cm x 2 cm
x 0.2 cm coupons using an abrasive cutter and then sequentially ground with 800- and 1200-grit silicon carbide paper.
After grinding, the substrates were washed with distilled water, followed by ethanol, and dried using a cold air stream.
Polyurea-formaldehyde (PUF) microcapsules were synthesized via in-situ polymerization using urea, ammonium
chloride, resorcinol, polyvinyl alcohol (PVA — Mw = 40,000 g mol™, 98-99% hydrolysed), formaldehyde solution (37
wt.%), and linseed oil (LO) as the core material. Hydrochloric acid (1 wt.%) was used to adjust the pH, and all reagents
were purchased from Sigma-Aldrich and used without further purification.
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Multilayer microcapsules were fabricated using a layer-by-layer assembly technique with chitosan (1 mg/ml), sodium
alginate (1 mg/ml), and benzotriazole (BTA). Acetic acid aqueous solution (2 wt.%), sodium hydroxide (0.1 mol L),
and hydrochloric acid (0.1 mol L™!) were used to adjust the pH of the polyelectrolyte solutions. The microcapsules were
subjected to repeated centrifugation and washing steps with distilled water and xylene to remove excess polyelectrolytes.
The synthesized microcapsules were later incorporated into an epoxy resin coating for corrosion protection studies. Epoxy
resin (D.E.R. 331) and hardener (D.E.H. 598B) were purchased from Sigma-Aldrich, both of which contained solvent
levels below 0.1%, as specified in the technical sheets. The synthesized microcapsules were incorporated into the epoxy
resin coating for corrosion protection studies.

2.2  Synthesis of Poly(urea-formaldehyde) Microcapsules

Poly(urea-formaldehyde) (PUF) microcapsules were synthesized via in-situ polymerization within an oil-in-water
emulsion, a method extensively described and studied in the literature [28, 38, 39] . The synthesis process utilized urea,
ammonium chloride, linseed oil (LO), polyvinyl alcohol (PVA, Mw 40,000 g/mol, 98-99% hydrolysed), formaldehyde
solution (37 wt.%), and resorcinol, as illustrated in Figure 1. This approach enabled the formation of microcapsules with
a well-defined core-shell structure, effectively encapsulating and protecting the healing agents. The in-situ polymerization
method was employed to directly generate the microcapsules within the reaction medium, ensuring efficient
encapsulation. Initially, 7.5 mL of a five wt.% PVA aqueous solution, serving as a stabilizer, was added to 200 mL of
distilled water. While stirring at 300 rpm using a hot plate magnetic stirrer, 7.5 g of urea, 0.75 g of ammonium chloride,
and 0.75 g of resorcinol were dissolved at room temperature (25-27 °C). The pH of the solution was adjusted to 3.0-3.5
by adding 1 wt.% hydrochloric acid, measured using a pH meter (Eutech Instrument). After one minute, 50 mL of LO
was introduced dropwise to form a stable oil-in-water emulsion. The stirring rate was then increased to 800 rpm to regulate
the microcapsule size. Subsequently, 19.02 g of a 37 wt.% formaldehyde aqueous solution was added, and the mixture
was stirred for four hours at 55 °C.

Following the reaction, the emulsion was allowed to cool to room temperature (25-27 °C) for 15 minutes before being
subjected to vacuum filtration using a VALUE vacuum pump. The collected microcapsules were thoroughly rinsed with
distilled water and ethanol to remove residual reactants. The purified microcapsules were then dried at room temperature
for 24 hours. Finally, the morphology of the dried microcapsules was examined using optical microscopy (OM).
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Figure 1. Schematic diagram of the experimental setup for the synthesis of encapsulated polyurea formaldehyde
microcapsules

2.3 Preparation of Multilayer Microcapsules

Multilayer microcapsules were synthesized using the layer-by-layer (LbL) assembly technique, as described in
[28,40]. The polyelectrolyte solution of alginate was prepared by dissolving 0.2 g of sodium alginate in 200 mL of distilled
water under continuous stirring at 300 rpm using a magnetic stirrer at room temperature. Similarly, the chitosan solution
was prepared by dissolving 0.2 g of chitosan in 200 mL of a 2 wt.% acetic acid aqueous solution while stirring at 300
rpm. The pH of the alginate solution was adjusted to 6.0. In contrast, the pH of the chitosan solution was set to 3.5 using
either hydrochloric acid or sodium hydroxide solutions (0.1 mol L™") to ensure optimal interaction between the polycations
and polyanions. Additionally, benzotriazole (BTA) was prepared by dissolving 0.1 g of BTA in a 2 wt.% acetic acid
aqueous solution, with the pH adjusted to 3.5 using 0.1 mol L' hydrochloric acid to enhance its solubility. At this pH,
BTA existed in its positively charged BTAH* form. The agitation speed during the preparation of all solutions was
maintained at 300 rpm using a magnetic stirrer at a temperature of 25-27 °C. The prepared chitosan, alginate, and BTA
solutions were stored in glass bottles at room temperature until further use.

Figure 2 shows microcapsule assembly via layer-by-layer deposition. First, 10 mL of the microcapsule suspension
was transferred into a 50 mL centrifuge tube using a measuring cup. Upon this, 0.5 mL of 5 wt.% % chitosan solution.

journal.ump.edu.my/jmes 10607



N. S. Mohamed et al. | Journal of Mechanical Engineering and Sciences | Volume 19, Issue 2 (2025)

The suspension was subsequently centrifuged at 2000 rpm for 2 min and then redispersed in distilled water and xylene
three times to remove excess polyelectrolyte. Thereafter, 0.5 mL of alginate solution was added as the second coating
layer, and the pre-coating was centrifuged and washed three times with distilled water and xylene. For the third layer, 0.5
mL of a 5 wt% polymer solution was used.% BTA solution was introduced, followed by centrifugation at 2000 rpm for
2 minutes and three washing steps. The fourth and fifth layers, consisting of alginate and chitosan, respectively, were
applied using the same procedure. This sequential layering process continued until the final multilayer structure
(PUF/chi/alg/BTA/alg/chi) was achieved, as depicted in Figure 2.

—p
Linseed oil PUF Chitosan Alginate BTA Alginate Chitosan
Figure 2. Schematic illustration of the assembly process of multilayer microcapsules

2.4 Characterization of Microcapsule
2.4.1 Analysis of the microcapsules without multilayer

The Fourier-transform infrared (FTIR) spectra of PUF and multilayer microcapsules were recorded using a Thermo
Fisher Scientific Nicolet iS5 spectrometer to confirm the presence of functional groups within the materials. The
measurements were performed over the spectral range of 4000-500 cm™, as described in the literature [19]. The FTIR
spectra of chitosan and benzotriazole (BTA) were recorded prior to the experiment to confirm the presence of
characteristic functional groups. As shown in Figure 3, the FTIR spectrum of BTA exhibited absorption peaks at 770
cm™!, corresponding to C—H plane bending, and 3053 cm™, attributed to C—H stretching [28, 30, 41]. The peaks at 1247
cm™ and 2848 cm™ were assigned to N=N bending and N—H stretching, respectively. For chitosan, a strong absorption
band at 3359 cm™ indicated the presence of O—H groups and N—H stretching [19]. The peak observed at 2878 cm™ was
associated with asymmetric CHz stretching vibrations linked to the pyranose ring. Additionally, absorption peaks at 1594
cm ! and 1649 cm™! were attributed to NHz bending and amide I, respectively, while the peak at 1376 cm™ corresponded
to C—H deformation. The characteristic absorption peak at 1029 cm™ confirmed C—O stretching [42,43].
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Figure 3. Fourier-transform infrared spectroscopy spectra of BTA and chitosan

2.4.2 Morphology of the microcapsules

The size and distribution of the microcapsules were analysed using an Olympus optical microscope at varying
magnifications. Optical microscopy, which utilizes visible light and lenses to magnify specimens, was employed to
observe the microcapsules. The powdered microcapsules were placed on a glass slide, and images were captured in bright-
field mode. The acquired images were then processed using ImageJ for size analysis. Additionally, a scanning electron
microscope equipped with an energy dispersive spectroscopy (SEM-EDS) was used to examine the surface morphology
and composition of the microcapsules. High-resolution imaging and elemental analysis were performed using a JEOL
SEM in high-vacuum mode, with an acceleration voltage of 10 kV and a working distance of 9.8 mm. Prior to imaging,
the sample was gold-coated to prevent surface charging.

2.4.3 Analysis of the pH response

The pH-responsive behaviour of the multilayer microcapsules was evaluated using an Ocean Optics QE65000
spectrometer connected to a computer. The absorbance spectra of the microcapsule solutions were recorded immediately
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after synthesis in buffer solutions at pH 4 and 10 [44-46]. For the release experiment, 0.04 g of multilayer microcapsules
was dispersed in a buffer solution and subjected to ultrasonic radiation for 5 minutes using a Sonics Vibra-Cell CV18
sonicator. After immersion, 3 mL of the mixture was collected and transferred into a cuvette. Absorbance measurements
were conducted at wavelengths ranging from 220 nm to 400 nm for 3 hours at 25 °C [47-49]. The spectra were analysed
using SpectraSuite® software, with an integration time of 8 seconds, which defines the duration during which the
spectrometer collects photons.

2.5 Preparation of the Epoxy Coating

To fabricate the epoxy-based smart coatings, 0.3 g of microcapsules with all three types were accurately weighed
using an electronic balance. Four types of specimens are prepared: bare AZ31 Mg substrate, AZ31 Mg substrate coated
with pure epoxy resin, AZ31 Mg substrate coated with PUF microcapsules, and AZ31 Mg substrate coated with epoxy
resin containing 10 wt.% multilayer microcapsules [28, 50]. The epoxy was prepared by mixing 3 g of Epoxy E101 with
1 g of Hardener H181 in a 3:1 ratio, as recommended by the manufacturer. The resulting combination was stirred with a
glass rod, and in turn, PUF and multilayer microcapsules were added to form the coatings. A pure epoxy coating was also
made in the same manner, excluding microcapsules. The coats were then deposited onto the Mg substrate with a film
thickness of 100 pm, consistently using a thin-film applicator, and dried at room temperature for 48 hours. The coating
of nine samples was performed, and the results are summarized in Table 2.

Table 2. Electrochemical parameters of multilayer smart coatings in acidic buffer solution (pH 4), determined by fitting

EIS data
Sample  Chitosan Concentration ~ BTA Concentration
Number (Wt.%) (Wt.%)
S1 5 5
S2 10 5
S3 5 10
S4 10 10
S5 5 15
S6 10 15
S7 PUF coated
S8 Epoxy coated
S9 Bare Mg

2.6 Corrosion Performance Analysis

Electrochemical impedance spectroscopy (EIS) was performed using a Gamry Interface 1000E
potentiostat/galvanostat equipped with a three-electrode system, consisting of the sample as the working electrode, a
graphite rod as the counter electrode, and an Ag/AgCl electrode as the reference electrode. The tests were conducted in
an aqueous buffer solution at pH four and pH 10 to complement the release studies. Each measurement was repeated three
times to ensure accuracy and reproducibility. The EIS test was performed with the following parameters: a DC voltage
of 0 V was applied, and the frequency range was set from 100,000 Hz to 0.01 Hz, at 10 points per decade [50]. The DC
voltage modulation was set to 5 mV/m. The sample area was 4 cm?, and the estimated impedance was 1000 Q. The
measurements were optimized for normal noise conditions to ensure accuracy and minimize interference. The EIS data
were fitted using the ZView Software.

3. RESULTS AND DISCUSSION
3.1 FTIR Analysis of the Microcapsules

Fourier Transform Infrared Spectroscopy (FTIR) analysis of PUF microcapsules revealed the encapsulation of linseed
oil within the PUF shell, as depicted in Figure 4. The FTIR spectrum showed a strong absorption band at 3340 cm™ due
to the stretching vibration of O-H and N-H, and an absorption band at 1657 c¢m™ due to the stretching vibrations of C=0.
These spectral contributions were in agreement with the nature of the PUF microcapsule walls as determined previously
[28]. Moreover, the FTIR spectrum also displayed certain characteristic peaks of linseed oil, absorption peaks at 2924
cm™! for =C-H stretching, 2852 cm™ for C-H stretching, 1461 cm™ for C-H bending, 1746 cm™ for C=0 stretching, and
1167 cm™ for C-O stretching. These results again proved the successful encapsulation of linseed oil in PUF
Microcapsules using in situ polymerization. The microcapsules were thoroughly rinsed with xylene and distilled water
before analysis to eliminate residual impurities.

The FTIR spectrum of BTA in multilayer microcapsules had an absorption peak at 773 cm™, and it is ascribed to the
C-H plane bending and C-H out-of-plane bending vibration of the benzotriazole benzene ring [41]. Another significant
peak was observed at 2840 cm™, which is the stretching vibration of the benzene ring, triazole ring, and N-H stretching
in multilayer microcapsules [19]. The FTIR spectrum of chitosan exhibited a peak at 2850 cm-1 corresponding to the
asymmetric CH; stretching vibrations of the pyranose ring. Furthermore, the absorption peak at 1640 cm™ was attributed
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to amide I, whereas the peak at 1250 cm™ could be the N=N stretching, which would belong to multilayer microcapsules

[19]. The broad absorption band at 3320 cm™ (O-H, N-H overlapping band) was assigned to the presence of PUF in the
multilayer microcapsules.
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Figure 4. FTIR analysis of chitosan, BTA, multilayer microcapsules, and PUF microcapsules

3.2 Morphology of the Microcapsules

The successful synthesis of encapsulated microcapsules and multilayer biopolymer microcapsules was achieved.
Optical microscopy (OM) and scanning electron microscopy (SEM) were used to analyse morphology and determine the
size of linseed oil-filled and multilayer microcapsules. Figure 5 presents SEM and OM images of synthesized PUF
microcapsules, while Figure 6 displays microcapsules with chitosan/alginate/BTA/alginate/chitosan multilayers. The
PUF microcapsules in Figure 5(a) exhibit a spherical, non-porous, mononuclear structure [28, 39]. Their rough surface
morphology, shown in Figure 5(b), likely results from interactions between inhomogeneous reaction Kinetics, fluid-
induced shear forces, and shell elasticity. This coarse surface is expected to enhance adhesion to the coating matrix,
improving self-healing coating performance [39].

Figure 5(c) presents microcapsules with irregular shapes, where the core material is fragmented and embedded within
various wall structures. Encapsulation occurs due to liquid-phase separation, followed by the polymerization of urea and
formaldehyde, leading to the formation of a low-molecular-weight prepolymer in an aqueous solution. The accumulation
of polymer at the organic/aqueous interface is attributed to the presence of formaldehyde monomers. The polymerization
process, facilitated by resorcinol and ammonium chloride, strengthens the urea-formaldehyde capsule walls [38]. As

shown in Figure 5(d), the precipitation of high-molecular-weight prepolymers confirms the formation of PUF
microcapsules.

100 ym

20220215 NM D55 x400 200 pm

20220245 NM D56 x800 100 pm

Figure 5. (a) Optical microscopy image of PUF microcapsules and (b-d) Scanning electron microscopy images of PUF
microcapsules
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Figure 6 illustrates the surface morphology and chemical composition of multilayer microcapsules for S1 (5 wt.%
chitosan, 5 wt.% BTA). As shown in Figure 6(a), the microcapsules appear as a creamy-coloured powder, while
Figure 6(b) reveals significant agglomeration. This agglomeration is primarily attributed to the adhesive nature and
insolubility of chitosan, along with the tendency of micrometric-sized particles to cluster to minimize surface energy
[51,52]. Although the particles remain stable in dispersion, the drying process further intensifies agglomeration.
Figure 6(c) demonstrates that the multilayer microcapsules exhibit a nearly spherical shape with an aggregated
distribution. In contrast, PUF microcapsules display a more uniform spherical morphology, with an average size of
approximately 11.25 um. Energy-dispersive Spectroscopy (EDS) analysis (Figures 6(d—g)) confirms the elemental
composition of the microcapsules, identifying carbon (80.57 wt.%), nitrogen (0.77 wt.%), and oxygen (18.66 wt.%).
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Figure 6. Microcapsule characterization: (a) Optical image of dried multilayer microcapsules for S1, (b) SEM image of
multilayer microcapsules at 200x magnification, (¢) SEM image of multilayer microcapsules at 500x magnification,
(d—f) EDS elemental mapping of C, N, and O, and (g) EDS spectrum analysis

3.3 Analysis of the pH Response

The BTA release profiles of six different microcapsule formulations (S1-S6) were evaluated under acidic (pH 4) and
alkaline (pH 10) conditions over time to assess their structural integrity and permeability. The results indicate distinct
release behaviours influenced by environmental pH. At pH 4, the BTA-released rate of all formulations exhibited an
initial rapid growth process, reaching a peak value within the first 60 minutes. This burst release indicates the existence
of the BTA, which was either loosely adsorbed or bound to the surface of the EM/R graphene and rapidly diffused into
the surrounding solution. Second-stage distribution trends differed as expected after the first one. S1 and S6 sustained-
release behaviours were observed, with S6 exhibiting the highest cumulative percentage of BTA release greater than 60%
at 180 minutes. This phenomenon indicates a relatively permeable or degradable microcapsule structure of S6 in an acidic
environment. On the other hand, the release of S3 and S4 decreased after 60 minutes, perhaps due to re-adsorption,
decomposition, or instability of the microcapsule walls with prolonged exposure [28]. Those of S2 and S5 were
consistently low and, at BTA, diffused at a modest amount over time, indicating a controlled release [54]. It has been
suggested that differences in multilayer composition, cross-linking density, and wall porosity account for the observed
differences in release Kinetics [55]. These results indicate that S6-type formulations may be more promising for the long-
term release of BTA in an acidic environment compared to S3 and S4 types, which may require further development to
prevent premature degradation and ensure controlled release.

Under alkaline conditions (pH 10), the BTA release behaviour differed significantly. All formulations exhibited an
initial increase in BTA release within the first 60 minutes, followed by a phase of stabilization. However, the maximum
release was considerably lower than that observed under acidic conditions, with values not exceeding 25%. This trend
suggests that the microcapsule walls exhibit higher stability in an alkaline medium, effectively limiting the diffusion of
the encapsulated BTA [53]. Among the formulations, S5 and S2 displayed the highest release levels, reaching
approximately 22%, while S1 and S6 exhibited the lowest release, remaining below 15% throughout the experiment. The
restricted BTA release in alkaline conditions may be attributed to the reduced solubility of the multilayer components or
strengthened electrostatic interactions that hinder diffusion [54]. The relatively stable release profiles beyond 60 minutes
indicate a controlled and sustained release mechanism in an alkaline environment. Together, these data indicate that the
microcapsule formulations efficiently control BTA release, depending on the pH environment. The high release at pH 4
indicates the suitability of these microcapsules for sustained BTA diffusion applications under acidic conditions. In
contrast, the low level of release at pH 10 highlights their stability at basic pH, resulting in minimal premature release.
For applications requiring faster release rates under basic conditions, additional modification of the multilayer
composition may be necessary to increase the system's permeability while maintaining its structural integrity. These
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results provide important information for the development and optimization of microcapsules for the controlled release
of BTA in various pH environments.
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Figure 7. BTA release profile from multilayer microcapsules in buffer solutions at: (a) pH 4 and (b) pH 10 over a 3-
hour duration

The release rate of BTA observed in this study surpasses previous reports [55]. The release profile by [56] for Mg
AZ31 demonstrated a 44% increase in corrosion inhibitor release in an acidic medium over the first 10 hours. The release
is pH-dependent, with higher pH values leading to lower inhibitor release, thereby slowing the active response to
corrosion. This behaviour is primarily influenced by the pH-responsive nature of chitosan in the multilayer microcapsule
system. Under acidic conditions (pH 4), chitosan undergoes protonation, resulting in electrostatic repulsion between its
chains, which expands the polymer's structure. This expanded conformation enhances the accessibility of hydrogen ions
(H") to the alginate layer, thereby promoting interaction and facilitating the release of BTA. Chitosan, derived from chitin,
contains amine functional groups (-NH-) that become protonated in acidic environments, forming positively charged
amino groups (-NHs"), as shown in Figure 8. However, in alkaline conditions (pH 10), deprotonation occurs, where amino
groups lose protons, resulting in neutral -NHa groups [57]. Similarly, alginate, composed of mannuronic and guluronic
acid units, exhibits pH-sensitive behaviour. In acidic conditions, its carboxyl groups (-COOH) undergo protonation,
enhancing BTA release due to the preferential interaction of alginate with H* ions. In contrast, under alkaline conditions,
deprotonation leads to the formation of carboxylate ions (-COQO"), reducing H* interaction and consequently restricting
BTA release [58], [59]. At pH 10, the higher concentration of hydroxyl ions (OH") causes the chitosan chains to collapse,
reducing the interaction between alginate and hydrogen ions and thereby inhibiting BTA diffusion. This structural
transformation is depicted in Figure 8 [60, 61]. These findings highlight the crucial role of chitosan and alginate in
regulating BTA release in response to environmental pH, making them effective components in pH-responsive corrosion
protection systems.
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Figure 8. The schematic illustration depicts the various conformations of the chitosan layer in response to pH variations

3.4  Corrosion Performance Analysis

Figure 9 shows the electrical equivalent circuits of the impedance response of both the magnesium alloy substrate
and the multilayer smart coating in the acidic medium (pH 4). Figure 9(a) depicts the bare Mg alloy, and the
electrochemical system is generally simulated by Rsq, along with a parallel circuit consisting of the charge transfer
resistance of the magnesium substrate (Rmg substrate) and the double-layer capacitance (Cwmg substrate). This simplified
circuit arrangement illustrates the interaction of the magnesia substance with the Mg substrate, resulting in rapid corrosion
due to its lack of a protective covering. In comparison, the equivalent circuit of the multilayer smart coating, as shown in
Fig. 9(b), is more complex due to the presence of additional impedance elements associated with the protective coating
and passive film formation. The circuit consists of Rso, then the parallel Reoa and the constant phase element of the coating
(CPEcoat), Which is sensitive to the dielectric and barrier properties of the coating. Furthermore, the existence of Rsiim and
CPEfilm indicates the formation of an intermediate protective film on the film surface, which may result from the self-
healing behavior or the release of corrosion inhibitors.
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The third part of the equivalent circuit, R, is related to the charge transfer resistance at the metal-coating interface,
which is significantly greater in well-protected samples, indicating higher corrosion resistance. The EIS findings in Table
3 are consistent with this circuit model, indicating that coated samples (S1-S8) with varying values of Reoat, Reiim, and Rt
exhibit different levels of coating integrity and inhibitor efficiency. As for the S9 group, the R value was much higher,
indicating a delivery against passive layer formation, as shown in Figure 9(b). In contrast, samples with lower Rco and
Ret values exhibit similar barrier performance to the uncoated Mg alloy, as shown in Figure 9(a). The above results
demonstrate the potential of multilayer smart coatings to prevent corrosion by introducing additional electrochemical
obstacles that retard the ingress of electrolyte and charge transfer, ultimately enhancing the long-term stability of the Mg
alloy [27].
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Figure 9. The electrical equivalent circuit is presented for: (a) the bare Mg alloy, the multilayer smart coating immersed
in buffer solution, (b) pH 4, and (c) pH 10

The electrochemical impedance spectroscopy (EIS) fitting data in Table 3 quantifies the corrosion resistance of
multilayer smart coatings in an acidic buffer solution (pH 4). Among the tested samples, S2 exhibited the highest Ryiim
value, measuring 7.211 x 10* Q-cm? S1 exhibited a film resistance of Rfim (0.673 x 10* Q-cm?) and low capacitance,
suggesting minimal electrolyte penetration. S3 demonstrated the second-highest resistance Reoat (3.737 x 10° Q-cm?),
confirming strong protective properties [62], whereas S4 showed a lower Reoat (0.656 x 10° Q-cm?), suggesting moderate
corrosion resistance. S5 and S6 displayed reduced resistance values Reoat (3.838 x 10 Q-cm? and 1.081 x 10° Q-cm?,
respectively), indicating limited anti-corrosion performance due to increased electrolyte penetration. S7 and S8 exhibited
the weakest corrosion resistance, with S7 recording the lowest Reoar among coated samples (1.489 x 10* Q-cm?), followed
by S8 (0.824 x 10° Q-cm?), confirming rapid degradation in acidic conditions. As expected, the bare AZ31 magnesium
alloy (S9) exhibited the poorest performance, with Ret (17.6 Q-cm?), reinforcing its high susceptibility to corrosion
without a protective coating. These findings emphasize the importance of optimized coating formulations in enhancing
corrosion resistance, where S2 demonstrated the most effective protection. At the same time, S8 and S9 exhibited the
least resistance, highlighting the need for further improvements in coating design for aggressive environments. The study
by [48, 63, 64] shows that the value of Rsim is higher for all microcapsule-coated samples that contain corrosion inhibitors.

Table 3. The electrical parameters were determined by fitting EIS data to an acidic buffer solution (pH 4)
Sample RSo| (Q sz) Rcoat (Q sz) CPEcoat (F/sz) Rfi|m (Q sz) CPEf”m (F/sz) Rct (Q sz)

S1 0.153 x 10° 1.218 x 10° 1.852 x 10* 0.673 x 10° 4.24 x 10* 0.462 x 10°
S2 0.170 x 10° 1.458 x 10° 1.879 x 10* 7.211 x 10* 7.335x 10°® 0.985 x 10°
S3 0.377 x 10° 3.737x 10° 6.255 x 10°® 2.857 x 10* 2.557 x 10°® 1.283 x 10°
S4 0.257 x 10° 0.656 x 10° 3.439x 10° 1.353 x 10° 2.717 x 10* 1.368 x 10°
S5 0.210 x 10° 3.838x 10° 1.020 x 10”7 3.838x 10° 2.66 x 1010 0.778 x 10°

S6 0.162 x 10° 1.081 x 10® 3.357 x 10* 0.813 x 10° 4.633 x 10* 0.065 x 10°
S7 0.350 x 10° 1.489 x 10° 5.094 x 10°® 2.633 x 10° 3.346 x 10* 0.509 x 10°
S8 0.360 x 10° 0.824 x 10° 1.563 x 103 0.524 x 10° 2.391x 10° 0.339x 10°
S9 0.037 x 10° - - - - 17.6

The EIS parameters for pH 10 reveal notable variations in the protective capabilities of different coatings. Sample S1
exhibits the highest Reoat (2.022 x 10* Q cm?), indicating superior barrier properties and enhanced corrosion resistance
[44, 50]. This is further supported by its relatively low CPE o value (4.074 x 1077 F/cm?), suggesting limited electrolyte
penetration and improved coating stability. Additionally, Rsim for S1 (7.239 x 10* Q c¢m?) confirms the formation of an
effective passive film, further mitigating corrosion activity. A similarly high Reeat value (8.795 x 10% Q cm?) was observed
for S8, suggesting another well-performing coating system with strong resistance to corrosive attack. Conversely, coatings
in S2 and S3 exhibit significantly lower Rear values (1.511 x 10* Q cm?), indicating weaker protective properties. Their
relatively higher CPEcqa Values reflect increased electrolyte uptake, which may compromise long-term durability. The
intermediate film resistance (Rfim) varies across samples, with S4 (7.964 x 104 Q cm?) and S6 (6.288 x 10”3 Q cm?)
displaying strong passive layer formation, which aligns with their moderate Rcoar Values. As expected, Sample S9,
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representing the uncoated Mg alloy, lacks any protective coating (Rcoat NOt applicable) and exhibits the lowest Riim (0.134
x 10° Q cm?), indicating severe corrosion susceptibility in alkaline conditions. The exceptionally high CPEfim value (1.344
x 10~ F/cm?) further confirms increased charge accumulation due to direct electrolyte interaction with the exposed

substrate.

Table 4. The electrical parameters were determined by fitting EIS data to an alkaline buffer solution (pH 10)

Sample  Rsq(Q cm?) Reoat@Q cm?)  CPEcoat(FIcM?)  Riim(Q cm?)  CPEgim(F/cm?)
Sl 0.661 x 10° 2.022 x 10* 4.074 x 107 7.239 x 108 8.870 x 108
S2 0.225 x 10° 1.511 x 108 1.999 x 10°° 4.131 x 10* 1.894 x 107
S3 0.572 x 10° 1.511 x 108 6.566 x 1010 1.589 x 10* 2.009 x 106
S4 0.339 x 10° 5.242 x 103 4.384 x 108 7.964 x 10* 2.586 x 10°°
S5 0.155 x 10° 1.94 x 10° 6.475x 108 1.475 x 10* 2.771x10°%
S6 0.894 x 10° 4.362 x 10* 1.601 x 10 6.288 x 10° 7.001 x 108
S7 0.724 x 10° 4.478 x 103 3.166 x 1010 7.374 x 108 1.104 x 10°
S8 0.407 x 10° 8.795 x 10° 7.500 x 101! 0.196 x 10° 3.602 x 10°°
S9 0.163 x 10° - - 0.134 x 10° 1.344 x 10

Figure 10 Nyquist diagram of sample S1 (a) The highest charge-transfer resistance of 6.0 kQ-cm? among all samples
was observed (b), indicating better corrosion resistance in acidic medium. The two-time constant behaviour
demonstrates that coating and substrate-related resistances are present, indicating an efficient barrier mechanism [65].
Sample S2 had an intermediate impedance of 5.4 kQ-cm?. Its capacitive loop has a larger diameter than the S1 sample,
indicating good coating resistance [66]. However, it is slightly lower than the S1 one. For Sample S3, it has an impedance
of 7.0 kQ-cm? and a much larger capacitive loop diameter, which demonstrates excellent corrosion resistance. In contrast,
the impedance of Sample S4 was 3.5 kQ-cm?, which indicates the inferior protective performance relative to that of
Sample S3, as presented in Figure 10(b). Samples S5 and S6 were not as successful, with sample S6 presenting the lowest
impedance at 1.8 kQ/cm2 (Figure 10c). The double capacitive loops observed in the present samples suggest two
capacitance components: one corresponding to the high-frequency coating properties and the other to the low-frequency

electrochemical reaction under the coating [65]. Similar observations have been reported by other researchers [65].
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Samples S7 and S8 exhibited significantly lower impedance values, with Sample S8 having a value of 2.3 kQ-cm?.
The compressed semicircle diameters in these samples indicate higher corrosion susceptibility, suggesting faster
degradation or increased electrolyte penetration, leading to reduced barrier properties. The bare AZ31 Mg alloy (S9)
exhibited the lowest impedance at 0.03 kQ-cm?, indicating its high susceptibility to corrosion in acidic environments.
Overall, the impedance data confirm that multilayer smart coatings enhance corrosion resistance in acidic environments.

Electrochemical impedance spectroscopy (EIS) analysis at pH 10 revealed distinct variations in corrosion resistance
among the multilayer smart coating samples. Figure 11(a) illustrates the experimental parameters for S1 and S2, along
with PUF coating, epoxy coating, and bare Mg alloy, immersed in an alkaline solution (pH 10). The highest impedance
was recorded for S1 (9.0 x 10° kQ-cm?), indicating superior corrosion resistance, whereas S2 exhibited the lowest
impedance (2 x 10° kQ-cm?). The larger capacitive loop diameter of S1 further confirms its enhanced barrier properties
[66]. Similarly, Figure 11(b) presents the impedance characteristics of S3 and S4, where S3 displayed the highest
impedance (1.8 x 10° kQ-cm?), while S4 exhibited the lowest (5.5 x 10* kQ-cm?). The larger capacitive loop of S3
indicates its superior corrosion resistance. Likewise, Figure 11(c) reveals the impedance behavior of S5 and S6, where
S5 demonstrates a higher impedance value (70 kQ-cm?) compared to S6 (50 kQ-cm?), indicating better corrosion
protection. The observed impedance trends across the samples indicate that the multilayer smart coatings significantly
enhance the barrier effect, with S1 and S3 exhibiting the most effective corrosion resistance due to their higher charge
transfer resistance. These findings align with recent studies on pH-responsive smart coatings containing multilayer
microcapsules [67], which demonstrated that higher pH conditions accelerate inhibitor release, influencing the coating’s
long-term protective performance. The presence of two semicircles in S3 further supports the hypothesis of a dual-layer
corrosion protection mechanism, as previously reported in self-healing polymer-based coatings [30]. The comparative
impedance results highlight the critical role of coating integrity and inhibitor release kinetics in maintaining corrosion
resistance under alkaline conditions [68,69].
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Figure 11. The Nyquist plot of the coated sample in pH 10 (a) S1, S2, S7, S8, S9, (ai) magnified Nyquist plot of S7 and
S8, (aii) magnified Nyquist plot of S9, (b) S3 and S4, (c) S5 and S6

4. CONCLUSIONS

This study has demonstrated that pH-responsive multilayer microcapsules are effective in preventing the active
corrosion of the AZ31 Mg alloy. The prepared multilayer smart coatings, loaded with benzotriazole (BTA) as a corrosion
inhibitor and linseed oil as a self-healing agent, exhibited pH-induced release behavior. The multilayer chitosan-alginate
shells facilitate a synergistic mechanism, combining immediate inhibition and self-healing capabilities over time.
Captivating BTA release characteristics are exemplified by the fact that acidic (pH 4) conditions allowed the inhibitive
agent to be released, targeting the site of corrosion. At the same time, the microcapsule structure remained stable under
alkaline conditions (pH 10), providing long-term protection. Good corrosion protection was also indicated by EIS
measurements, in which the polarization resistance (Rcy and coating resistance (Rcoayy Of the smart coatings were
significantly increased compared to the conventional epoxy coatings. The incorporation of multilayer polyelectrolyte
microcapsules into the coating not only improved the barrier performance of the coating but also endowed it with the
capability of self-healing, which effectively reduces the amount of microcracks and the size of localized corrosion. This
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performance is consistent with that of other researchers, who have also demonstrated that multilayer microcapsules
embedded in an epoxy coating can restore more than 90% of the barrier function after damage, as evidenced by an
increasing impedance modulus over time. The results indicate that pH-responsive smart coatings have great potential for
long-term protective applications of Mg alloys, owing to their high performance and environmental friendliness. The
presented system has potential applications in the automotive, aerospace, and biomedical sectors, where the service life
and reliability of lightweight metal structures are crucial. The following steps will involve optimizing the microcapsule
formulation and testing its performance under real-world conditions to mitigate the practical unfeasibility.
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