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nanotubes (BTA-HNT) and boiled linseed oil microcapsules (BLO-MC). Five coating systems
were fabricated, including pure epoxy, conventional dual-layer coating, and hybrid dual-layer Keywords

coatings with ZnO-to-epoxy ratios of 2:1, 4:1, and 6:1. Structural and chemical characteristics
were verified using Fourier Transform Infrared Spectroscopy (FTIR) and Scanning Electron
Microscopy with Energy Dispersive X-ray Spectroscopy. At the same time, corrosion
performance was evaluated using Electrochemical Impedance Spectroscopy and scratch tests
over 2 weeks of immersion in 3.5 wt.% NaCl solution. The results indicate that the hybrid
coating with a ZnO: epoxy ratio of 4:1 exhibited the best corrosion resistance, maintaining
impedance values between 4.45 Q and 4.16 Q at low frequency and showing the lowest corrosion
area of 4.4% after 2 weeks of exposure. However, the hybrid coatings demonstrated reduced
adhesion strength, approximately 77.30% lower than the conventional dual-layer coating.
Overall, the integration of ZnO-STA, BTA-HNT, and BLO-MC in a hybrid dual-layer system
enhances corrosion protection through synergistic hydrophobic barrier and self-healing
mechanisms. However, further optimisation is required to improve coating adhesion for long-
term application.

Corrosion inhibitor
Electrochemical impedance
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1. Introduction

Corrosion poses a major threat to oil and gas pipelines, resulting in costly maintenance and potentially decreasing the
service life and structural integrity of these critical infrastructure systems. This problem encompasses the risk of sudden
leak failure, which requires expensive repairs and replacements. In Malaysia, the corrosion rate is up to 0.024 mm per
year, with estimated costs of $25 billion in 2024 [1]. This ubiquitous degradation is not confined to uniform material loss;
it often manifests as localised attacks, as in pitting corrosion. Pitting corrosion initiates localised cavities within the metal
surface, fuelled by electrochemical reactions with aggressive anions such as chloride ions (Cl). Pitting corrosion severity
is based on chloride ion concentration, which can initiate pit growth and merging, undermining the pipeline's structural
integrity. Aside from pitting, pipelines are also exposed to other forms of corrosion, such as sweet corrosion (caused by
CQOz), sour corrosion (caused by H2S), and microbiologically influenced corrosion (MIC), each with its own set of
challenges and speeding up material degradation in a wide range of operational environments [2]. The intricate chemical
compositions of crude oil and natural gas, along with severe operating conditions such as high temperature and pressure,
further exacerbate these corrosive processes, rendering pipeline integrity a never-ending struggle [3]. To combat
corrosion, strategies such as protective coatings, inhibitors, and cathodic protection are used [2]. Protective coatings act
as physical barriers for carbon steel pipelines, shielding them from corrosive environments. However, these coatings are
static and prone to damage from impact, chemicals, and ageing, leading to micro-cracks that compromise protection [4].
Such damage often necessitates costly maintenance or early replacement, increasing operational expenditure. Traditional
coatings are also challenging to apply in remote areas and can be limited by surface preparation. Despite these methods,
maintaining long-term barrier integrity and resisting localised corrosion in harsh marine and oilfield environments
remains a challenge.

To overcome these drawbacks, self-healing smart coatings provide a more effective and proactive solution, promising
better protection and less frequent maintenance [1]. These smart coatings are formulated to detect and autonomously
remove damage from biological systems, thereby prolonging the service life of coated structures [5]. The formulation of
these intelligent systems has been greatly enabled by recent advances in nanomaterials and encapsulation techniques,
especially during the period 2020-2024, which have enabled precise loading and controlled release of active agents [6].
Previous studies have explored combinations such as AI@MzZnGO [7], BLO [8,9], and BTA-HNT [8], reporting
improvements in barrier properties; however, these systems often lacked the multi-level defence provided by combining
pH-responsive release with autonomous self-healing microcapsules. However, despite significant progress, major
challenges remain, including reduced durability under prolonged environmental exposure and insufficient evaluation of
long-term performance under aggressive chloride-containing environments. Furthermore, although zinc oxide (ZnO) has
been widely reported as a functional nano-additive for corrosion protection, there is still no systematically defined optimal
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concentration for dual-layer smart coating systems, particularly when integrated with self-healing microcapsules and
nanocarriers. This study designed a dual-layer smart coating system incorporating a hybrid corrosion inhibitor to improve
durability for carbon-steel pipeline protection. The top layer is composed of zinc oxide nanoparticles modified with stearic
acid (ZnO-STA) as a primary corrosion inhibitor, utilising ZnO's well-known barrier-forming ability and its capacity to
release inhibitive ions, while STA enhances hydrophobicity and dispersion [4]. The bottom layer is composed of
benzotriazole-loaded halloysite nanotubes (BTA-HNT) and boiled linseed oil microcapsule (BLO-MC) for secondary
inhibition. This hybrid system takes advantage of ZnO's barrier-forming ability and the pH-responsive release of BTA
from HNTSs, which creates a protective film on the metal surface, and the self-healing function of BLO-MC, which
releases healing agents in response to damage to seal cracks [5,10,11]. This dual-layer smart coating strategy provides
long-lasting protection by complementing immediate surface passivation with slow-release inhibitors, developing a self-
adaptive defence against both uniform and localised corrosion under aggressive environments.

The main objective of this study is to investigate the influence of ZnO-STA, BTA-HNT, and BLO-MC as a hybrid
corrosion inhibitor in a novel dual-layer smart coating system. Five coating specimens will be developed, including a
pure epoxy coating, a traditional dual-layer self-healing coating, and hybrid dual-layer coatings with varying ZnO-to-
epoxy ratios (2:1, 4:1, and 6:1) for a comprehensive comparison. By systematically varying the ZnO-to-epoxy ratio, this
study seeks to identify an optimal compositional window that balances nanoparticle dispersion, surface morphology, and
electrochemical impedance performance, thereby addressing the existing gap regarding ZnO concentration optimisation
in multifunctional smart coatings. Characterisation tests will be carried out using Fourier Transform Infrared
Spectroscopy (FTIR) and Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy (SEM/EDX) to
confirm successful material incorporation and assess structural performance. Corrosion performance will be evaluated
carefully using Electrochemical Impedance Spectroscopy (EIS) and scratch tests to assess barrier protection and self-
repair functions. Furthermore, the adhesion properties of the dual-layer smart coating will be evaluated using an adhesion
strength test to assess its mechanical properties. The outcomes are expected to advance corrosion protection measures,
thereby enhancing the durability and service life of oil and gas pipelines and addressing pertinent industry challenges.

2. Materials and Methods

2.1 Materials

Materials for coating additives include benzotriazole (BTA), halloysite nanotubes (HNT), boiled linseed oil, acetone,
polyvinyl alcohol (PVA), urea, formaldehyde, resorcinol, ammonium chloride (NH4Cl), hydrochloric acid (HCI), zinc
oxide nanoparticles, and stearic acid, acquired from Avantis Scientific Sdn. Bhd. Composite coatings were synthesized
using EPIKOTE 828 epoxy and LSD308 hardener, acquired from ASACHEM Scientific Sdn. Bhd. on a carbon steel
substrate (160 mm x 80 mm x 50 mm).

2.2 Preparation of Functional Nanomaterials and Microcapsules

BTA-loaded halloysite nanotubes (BTA-HNT), boiled linseed oil microcapsules (BLO-MC), and stearic acid-modified
Zn0 nanoparticles (ZnO-STA) were prepared prior to coating fabrication. For the preparation of BTA-HNT, 0.003 kg of
dry HNTs were dispersed in 0.0375 L of a saturated BTA solution in acetone (60 mg/mL). The above suspension was
mixed using a vacuum pump, followed by three vacuum cycles. The BTA-loaded HNTs were then immersed ina 0.08 M
CuSOs solution under stirring for one minute. The modified nanotubes were centrifuged at 5000 rpm for 300 s, vacuum-
dried, and rinsed three times with ultrapure water. The BTA-HNT was subsequently dried in an oven set to 60° for 1 h
[12]. Boiled linseed oil microcapsules were synthesised via in situ polymerisation. Briefly, 0.003 kg of urea, 0.0003 kg
of resorcinol, and 0.0003 kg of ammonium chloride were dissolved in 1 L of a 1 wt.% polyvinyl alcohol (PVA) aqueous
solution. The pH was adjusted to around 3.0 with hydrochloric acid (HCI). BLO was subsequently mixed into the solution,
and the mixture was emulsified at 1000 rpm. 0.009 kg of a 37 wt.% formaldehyde solution was added, and the mixture
was maintained at 55° with constant stirring for 10 h [13]. The microcapsules obtained were collected through vacuum
filtration and rinsed with xylene [14]. Drying of the microcapsules was carried out in a low-pressure oven at 50°C for 6
h [15]. For the preparation of hydrophobic ZnO nanoparticles, 0.0005 kg of ZnO nanoparticles and 2.5% wt./vol. STA
was dispersed in 0.01 L of absolute ethanol, and the mixture was agitated at 180 rpm and heated to 55°C for 300 s. The
resulting suspension was then subjected to ultrasonication at 500 W and 20 kHz for 300 s. It is recommended that the
authors provide adequate information to enable the work to be replicated. Methods that have previously been published
should be referenced, and only relevant modifications should be mentioned [16].

2.3 Preparation of Carbon Steel Substrate

The carbon steel samples were soaked in acetone for 0.5 h. The surface was then abraded through sandblasting with a
400-grade sandpaper. The carbon steel was then rinsed with distilled water, degreased with acetone once more, and left
to dry at room temperature.

2.4 Preparation of Epoxy and Smart Coatings

Carbon steel substrates were first coated with a reference epoxy system to serve as the control sample. For this purpose,
0.006 kg of epoxy resin and 0.003 kg of hardener were mixed by mechanical stirring for 600 s. The stirred solution was
then poured onto the substrate and left to cure for 168 h. The coating's overall thickness was 500 pm. For the conventional
dual-layer smart coating, 5.0 wt.% HNT-BTA and 5.0 wt.% BLO-MC was mixed into 0.005 kg of EPIKOTE 828 epoxy
resin with 0.00125 kg of LSD308 hardener. The mixture was stirred for 300 s before being applied in two successive
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layers, each 250 pum thick, using a paintbrush. The first layer was cured at 25°C for 48 h before the second layer was
applied, resulting in a total coating thickness of 500 um [8,14,17]. For the hybrid dual-layer smart coating, the bottom
layer consisted of the self-healing epoxy system containing 5.0 wt.% HNT-BTA and 5.0 wt.% BLO microcapsules into
0.005 kg of EPIKOTE 828 epoxy resin. Next, 0.00125 kg of LSD308 hardener was added to the mixture and stirred for
300 s. To initiate a uniform dispersion, the mixture was stirred continuously for an additional 600 s [14]. The first layer
was then applied onto a cleaned and polished carbon steel substrate using a paintbrush, achieving a thickness of 250 pm.
This layer was left cured for 48 h at 25°C. For the top layer, as illustrated in Figure 1, the hydrophobic coating was
prepared by adding 0.00015 kg of epoxy resin and hardener to the zinc oxide hydrophobic coating suspension and stirring
mechanically for 600 s. The resulting coating was then applied to the carbon steel substrate with a thickness of 250 pm.
The substrate was left to dry at room temperature for 24 h [16]. Table 1 shows three different samples were prepared with
ZnO-to-EP weight ratios of 2:1, 4:1, and 6:1 for comparative analysis.

Table 1. Weight of hydrophobic coating samples

. ) Weight (kg)

Sample Ratio of ZnO: EP 70 STA Ep Hardener
2:1Zn0: EP 2:1 0.0009 0.00075 0.00045  0.00045
4:1ZnO: EP 4:1 0.00018 0.00015 0.00045  0.00045
6:1 ZnO: EP 6:1 0.00027 0.000225 0.00045  0.00045

*1%t layer — cure for 48 hours at 48 h at 25°C

Hydrophobicity

Ox=
Stearic
Mano Zn0 acid \

Hydrophobic + epoxy coating 250 pm

Self-healing + epoxy coating 250 um
BTA-HNT MC-BLO

I \ Carbon steel metal

OJ’ .! [ ...\.

Total coating thickness : 500 um

Figure 1. Sketch illustration of ZnO hydrophobic/epoxy and self-healing coating

2.5 Characterization

Fourier Transform Infrared (FTIR) analysis was conducted to confirm the successful integration of BTA-HNT, BLO-
MC, and ZnO-STA into the smart coatings. The FTIR spectra were recorded at a resolution of 1 cm™ over the range 400-
4000 cm't. Scanning Electron Microscopy (SEM) combined with Energy-Dispersive X-ray Spectroscopy (EDX) was
performed to examine the surface morphology and elemental composition of the coatings, thereby verifying their
structural characteristics [16].

2.6 Corrosion and Adhesion Performance Test

Electrochemical Impedance Spectroscopy (EIS) was used to analyse the electrochemical corrosion behaviour of the
coating. Following ASTM D1654 for the scratch test and ASTM G31 for the immersion test, the samples were manually
scratched over a 50 mm2 area and submerged in a 3.5 wt.% NaCl solution for 2 weeks. EIS measurements were taken at
0, 7, and 14 days. EIS testing was performed at ambient temperature using a GAMRY 600 System. The setup included
an Ag/AgCl reference electrode, a graphite rod counter electrode, and a working electrode prepared according to ASTM
G102. Testing was conducted within a frequency range of 0.01 to 100,000 Hz with an AC voltage of 10 mV [1]. Pull-off
adhesion testing was performed on five coating samples in accordance with ASTM D4541. The small cylindrical metal
dollies and the coated sample surfaces were both cleaned to remove any dust or contamination that might affect the results.
Avraldite glue was then applied to the doll's surface and attached to the sample surface. Any excess glue around the edges
was carefully wiped off to prevent uneven stress distribution during testing. The glue was left to cure for 24 hours. After
fully cured, the dolly was removed vertically using the Elcometer 510 automatic pull-off adhesion gauge. The force
required to rip the coating away, stated in numerical value (psi), then converted into SI units, MPa, represented the
adhesion strength [7]. The adhesion test results for both enhanced hydrophobic and conventional dual-layer smart coatings
provide essential data on their long-term corrosion resistance and durability.

3. Results and Discussion

3.1 Fabrication of Coating

All five samples were successfully developed, incorporating three corrosion inhibitors, which are benzotriazole-loaded
halloysite nanotubes (BTA-HNT), boiled linseed oil microcapsules (BLO-MC), and zinc oxide with stearic acid (ZnO-
STA). Figure 2 illustrates the appearance of carbon steel samples before and after the sandblasting process. Prior to
sandblasting, the samples had visible rust and surface contamination, while after sandblasting, the surfaces appeared clean
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and free of rust. After the coating process, the thickness measurements for all five samples range from 498 to 501 um,
which conform to the 500 pum specification outlined in the experimental methodology. Figure 3 presents magnified images
of each coated sample captured using a tabletop microscope. The EP sample is found to be free of visible contamination,
confirming a successful coating process and the absence of foreign substances. In the conventional dual-layer smart
coating (DLPC) sample, yellow-colored BLO-MC and green-colored BTA-HNT are visible, indicating successful
integration of both corrosion inhibitors. For the hybrid dual-layer smart coating (2:1 ZnO: EP, 4:1 ZnO: EP, and 6:1 ZnO:
EP) samples, gaps are observed in the coating. The findings showed that as ZnO concentration increases, gap formation
increases as well. Notably, the 6:1 ZnO: EP sample appears more porous compared to the 2:1 and 4:1 ZnO: EP samples.
These observations present the critical influence of ZnO concentration on the microstructural characteristics of the
developed coatings.

Contaminant-free

)  Gapformation,
A_ —

Figure 3. Microscopic image of (a) EP sample, (b) DLPC sample, (c) 2:1 ZnO: EP sample, (d) 4:1 ZnO: EP sample, (e)
6:1 ZnO: EP sample

3.2 Characterization

3.2.1 FTIR analysis

FTIR analysis confirmed the successful fabrication of the coating additives BTA-HNT, BLO-MC, and ZnO-STA. The
BTA spectrum showed aromatic C-H stretching at 3000-3100 cm™ and C=N stretching at 1450-1500 cm™ [18], while
HNT exhibited Si-O-Si stretching at 1000-1086 cm™ and Al-O-Si deformation at 539 cm™ [18,19]. The reduced BTA
peaks in BTA-HNT indicated successful encapsulation of BTA within BTA. Both BLO and BLO-MC spectra displayed
characteristic C-H stretching at 2850-2971 cm?, O-H stretching at 3280-3423 cmt, and C=0 stretching at 1746-1751 cm
!, confirming successful microencapsulation of BLO [20, 21]. STA spectrum showed similar C-H stretching at 2850-2971
cm? and C=0 stretching at 1746-1751 cm, while ZnO exhibited Zn-O stretching at 450-500 cm*. RCO.~ asymmetric
stretching at 1540-1580 cm* at ZnO-STA spectrum confirmed successful formation of zinc stearate [22].

3.2.2 SEM-EDX analysis

SEM-EDX analysis evaluated the samples' distinctive structures, elemental characteristics, and elemental weight
percentages in each coating. Figure 4 displays the surface characterisation of all samples. The EP sample shows no signs
of contamination, confirming successful fabrication. In the DLPC sample, the presence of both BTA-HNT and BLO-MC
indicates the effective integration of self-healing additives. Meanwhile, the 2:1, 4:1, and 6:1 ZnO: EP samples exhibit gap
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formation. However, the 6:1 ZnO: EP sample exhibits coating fibre breakage due to excessive ZnO nanoparticle
concentration. This leads to the formation of large, irregular structures with a non-uniform distribution and oversaturated
zinc stearate crystals, as shown in Figure 5. The elemental composition of each sample, as detailed in Table 2, provides
further insight into the coating elemental composition.

@)

Contaminant
-free

@

Less ZnO nanoparticles ZnO nanoparticles Fiber coating
formation formation breakage

Figure 4. SEM images of (a) EP sample; (b) DLPC sample; (c) 2:1 ZnO:EP sample; (d) 4:1 ZnO:EP sample; (e) 6:1
ZnO:EP sample

e s

Over-saturated zinc stearate crystal

Figure 5. SEM images analysis under 400x magnification of (a) 4:1 ZnO:EP sample; (b) 6:1 ZnO:EP sample

Table 2. Elemental composition of each sample

EP DLPC 2:1Zn0O: EP 4:1 ZnO: EP 6:1 Zno: EP
Atom wt.% Atom wt.% Atom wt.% Atom wt.% Atom wt.%
C 90.2 C 68.9 C 69.9 C 475 C 29.9
0] 9.8 0] 25.9 Zn 19.7 Zn 40.4 Zn 56.0
Al 3.3 (0] 10.4 (0] 12.1 (@] 141
Si 1.1
Cu 0.8

3.3 Corrosion Performance

A corrosion analysis using Electrochemical Impedance Spectroscopy (EIS) with scratch test evaluated the self-repair
performance of a hybrid dual-layer coating and a conventional dual-layer coating on carbon steel. The samples were
immersed in a 3.5 wt.% NaCl solution for two weeks to assess the coating's impedance performance. Figure 6 (a,c,e)
presents Bode plots for various coatings over two weeks. At week 0, the 4:1 ZnO: EP sample showed the highest
impedance magnitudes across the frequency range, particularly at lower frequencies. This suggests that the coating has a
superior barrier property. Higher impedance (|Z|) indicates greater resistance to charge transfer, indicating the presence
of a more protective coating layer that reduces the corrosion rate and enhances corrosion resistance; meanwhile, a higher
phase angle (0) signifies capacitive behaviour, which implements the characteristic of a well-protected surface and slows
down the corrosion rate [16]. Meanwhile, pure epoxy shows lower impedance, suggesting a less ideal barrier at the outset.
As immersion time increases from week 1 to week 2, a general trend of decreasing impedance magnitude at lower
frequencies is observed for all coatings. The gradual degradation of their protective capabilities occurs as the electrolyte
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penetrates the coating and reaches the substrate. However, the 4:1 ZnO: EP coating consistently maintains a relatively
high impedance magnitude.
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Figure 6. EIS bode magnitude plot and phase angle plot of each sample at (a,b) Week 0; (c,d) Week 1; (e,f) Week 2

In Figure 5(a), impedance at 0.1 Hz of 4:1 ZnO: EP sample ranged from 4.45 Q to 4.16 Q, confirming consistent high
performance, attributed to ZnO's role in increasing charge transfer resistance and forming a dense, stable layer that blocks
water and corrosive agent, mainly in the form of chloride ion from NaCl solution, while lowering interfacial capacitance.
This minimizes chemical interactions between the coating and corrosive agents in the salt solution, thereby maintaining
the coating's integrity over time by limiting moisture accumulation and salt deposition [23]. Furthermore, the 4:1 ZnO:
EP sample exhibited superior corrosion resistance compared to the other formulations. The 2:1 ZnO: EP coating likely
contained insufficient ZnO to establish an effective indirect diffusion pathway, thereby limiting its barrier efficiency. In
contrast, excessive ZnO loading at 6:1 led to particle agglomeration, resulting in structural inhomogeneity and defect
formation within the epoxy matrix, thereby reducing impedance performance.

Surface roughness analysis further supports this observation. The 4:1 ZnO: EP coating exhibited higher roughness
values (Rq = 47.53 pm; Ra = 34.72 pm) compared to the 6:1 ZnO: EP coating (Rq = 33.29 um; R, = 22.30 um). The
reduction in roughness at 6:1 is attributed to nanoparticle agglomeration, which clusters ZnO particles and reduces surface
texture uniformity, as shown in Figure 5(b). Although the surface appears relatively smooth, internal structural defects
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facilitate electrolyte penetration and chloride-ion diffusion, ultimately leading to lower impedance values. Therefore,
optimal nanoparticle dispersion, rather than surface smoothness alone, governs the corrosion protection performance.
Scratch test results showed that the 4:1 ZnO: EP had the lowest corrosion area of 4.4% over 2 weeks, surpassing both the
EP and the conventional dual-layer coatings. The anti-corrosion mechanism of the 4:1 ZnO: EP sample is illustrated in
Figure 8. The ZnO-STA top layer acts as a first barrier, forming a thin air cushion on the metal surface due to zinc stearate.
This layer minimises contact between salt solution and the coating, reducing the penetration of corrosive agents and
delaying the onset of corrosion. As a result, this coating provides better corrosion resistance than conventional dual-layer
coatings. However, over time, the top layers become saturated with water, activating the self-healing bottom layer, which
acts as the second barrier. The bottom layer contains BTA-HNT as a corrosion inhibitor and BLO-MC as a self-healing
agent. When the coating is damaged from the scratch test, the microcapsules rupture, releasing both the corrosion inhibitor
and self-healing agent. This process forms a protective barrier that prevents further corrosion initiation [7, 23].

The phase angle plots provide crucial information about the capacitive and resistive components within the coating
systems (Figure 6(b, d, f)). The pure epoxy exhibits a relatively flat phase angle near 0° at low frequencies, suggesting
primarily resistive behaviour. At the same time, DLPC and 3 hybrid coatings exhibit distinct phase-angle peaks, indicative
of time constants associated with capacitive and charge-transfer processes. As immersion progresses through Week 1 and
Week 2, there is a trend toward decreasing peak heights and frequency shifts in most coatings. This is typically indicative
of electrolyte ingress into the coating, which increases porosity and leads to the formation of new time constants associated
with electrochemical reactions at the compromised substrate-coating interface [24]. By combining all three corrosion
inhibitors, this hybrid dual-layer smart coating significantly extends the material's lifespan compared to a conventional
dual-layer smart coating as shown in Figure 7. Hence, the optimal ZnO: EP ratio of 4:1, combined with BTA-HNT and
BLO-MC as hybrid inhibitors, provided the best corrosion resistance by minimising moisture uptake and chloride
penetration. This sample represents the maximum concentration threshold. Exceeding this concentration results in
oversaturation, reducing corrosion protection performance across all samples.

Based on the corrosion performance tests, a comparison can be made between ZnO-based hydrophobic coatings and
HNT-based inhibitor coatings. ZnO-based hydrophobic coatings primarily function as a moisture and liquid barrier,
limiting saltwater penetration and thus reducing corrosion initiation. In contrast, HNT-based inhibitor coatings provide a
self-healing function through the controlled release of corrosion inhibitors when coating damage occurs. When only the
HNT-based inhibitor coating is applied, the protective performance relies solely on the self-healing mechanism. However,
the dual-layer smart coating, combining a ZnO-based hydrophobic layer and an HNT-based inhibitor layer, provides
synergistic protection by integrating both water-barrier and self-healing mechanisms. This combination effectively
minimises saltwater interaction and reduces corrosion rates on carbon steel even when the coating is mechanically
damaged. Differences in formulation strategies are attributed to variations in elemental composition, as confirmed by
FTIR and SEM-EDX analyses. Therefore, the hybrid dual-layer coating demonstrates superior corrosion protection
compared to conventional dual-layer coatings due to its multiple complementary protection mechanisms.

6.00
mWeek 0 Week 1 Week 2
c 4.00
N
g 2.00
0.00 2:1 4:1 6:1
EP DLPC ZnO:EP | ZnO:EP | ZnO:EP
mWeek 0| 2.93 3.54 3.47 4.45 3.86
Week 1| 2.39 3.37 3.47 441 3.84
Week 2| 2.15 3.17 3.45 4.16 3.56
Samples

Figure 7. (a) Impedance value of samples at 0.1Hz, (b) Corroded area percentage analysis of samples, for two weeks of
immersion
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(b)

Figure 9. Samples (a) before; (b) after adhesion test
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Figure 10. Average adhesion strength of samples after two weeks of immersion

3.4 Adhesion Performance of Coatings

An adhesion test was conducted to evaluate the sample's mechanical bonding under a corrosive environment. Figure 9
shows the experimental process for measuring adhesion strength using the Dolly adhesion test, while Figure 10 presents
the average adhesion strength of samples after two weeks of salt immersion. Based on Figure 10, the pure epoxy shows
a moderate adhesion strength of approximately 5.5 MPa, serving as the baseline. Due to their lack of active functional
groups and insufficient surface interaction, they have limited the overall adhesion [25]. DLPC showed the highest
adhesion strength, around 8.2 MPa, and superior performance due to the synergistic effect of the self-healing and
corrosion-inhibiting agents. The dual-functional systems can significantly improve the adhesion due to their improved
interface compatibility and smart release behaviour under corrosive stimuli. In contrast, the incorporation of a structured
nanocomposite layer into the hybrid dual-layer smart coatings (ZnO: EP ratios of 2:1, 4:1, and 6:1) resulted in significantly
lower adhesion strength, with a 77.30% reduction compared to the conventional DLPC and EP coatings. This reduction
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in adhesion strength is likely due to material incompatibility, which, in turn, weakens the bond between the coating and
the metal substrate. The addition of a ZnO-STA coating layer may have introduced a mismatch in the chemical properties
of the self-healing BTA-HNT and BLO-MC layers, thereby weakening interfacial bonding. Additionally, overloading can
disrupt the epoxy matrix, leading to interfacial stress concentrations and microvoids, as seen in SEM images [26].
Therefore, ensuring material compatibility between both layers is crucial for improving adhesion. Furthermore, the
current coating was applied using a brush, which may not be the most effective method in this study. Hence, alternative
methods, such as spray coating, should be explored.

4. Conclusions

This study successfully developed both hybrid and conventional dual-layer smart coatings for the corrosion mitigation of
carbon-steel pipelines. Three corrosion inhibitors, which are BTA-HNT, BLO-MC, and ZnO-STA, were incorporated
and confirmed through FTIR and SEM-EDX analysis, verifying the proper fabrication of the dual-layer smart coatings.
EIS and scratch tests confirmed that 4:1 ZnO: EP sample provided the best corrosion resistance with impedance of 4.45
Q to 4.16 Q and corrosion area of 4.4% throughout two weeks of experimental observation due to ZnQO's ability to form
a barrier layer that limits electrolyte penetration while reducing corrosion rate, as well as both BTA-HNT and BLO-MC
capability to enhance corrosion inhibition with self-healing mechanism in repairing coating damage. However, adhesion
strength was 77.30% lower than that of the conventional dual-layer coating, likely due to incompatibility between the
material and the coating application. Overall, the hybrid dual-layer smart coating, integrating ZnO-STA, BTA-HNT, and
BLO-MC corrosion inhibitors, demonstrated significant improvement in corrosion resistance compared to the
conventional dual-layer smart coating.
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