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A B S T R A C T

Waterborne epoxy (WEP) coatings have attracted extensive attention in the field of anticorrosion due to their 
environmental friendliness, low toxicity, and excellent adhesion. However, the inherent defects such as high 
porosity, poor thermal stability, and insufficient long-term corrosion resistance severely limit their practical 
applications in harsh marine environments. Herein, a novel benzotriazole BTA-SiO2@Al2O3 core-shell composite 
filler was designed and synthesized, which integrates the physical barrier effect of inorganic microspheres and 
the active corrosion inhibition function of BTA. A series of BTA-SiO2@Al2O3-WEP composite coatings with filler 
loadings ranging from 5 to 25 wt% were prepared, and their thermal stability, mechanical properties, and 
anticorrosion performance were systematically investigated. Thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC) results showed that the introduction of core-shell fillers significantly improved the 
thermal stability and glass transition temperature (Tg) of WEP coatings. The initial decomposition temperature 
(5% mass loss temperature) of the composite coating with 25 wt% filler loading reached 295.04 ◦C, which was 
101.79 ◦C higher than that of neat WEP. Electrochemical impedance spectroscopy (EIS) and potentiodynamic 
polarization tests demonstrated that the composite coating with 20 wt% filler loading exhibited the optimal 
anticorrosion performance, with a corrosion rate approximately two orders of magnitude lower than that of neat 
WEP coating. The 240 h neutral salt spray test further confirmed its excellent long-term protective performance, 
with only negligible corrosion products observed at the artificial scratch, indicating favorable active corrosion 
protection capability at coating defects. X-ray photoelectron spectroscopy (XPS) analysis revealed that BTA 
molecules could be released with the penetration of corrosive media and form a dense Fe-BTA chelated 
passivation film on the steel substrate surface through coordination bonds. This work provides a facile and 
effective strategy for the fabrication of high-performance waterborne epoxy anticorrosion coatings, which have 
promising applications in marine engineering and industrial protection fields.

1. Introduction

Waterborne epoxy resins (WEP) combine the excellent adhesion, 
chemical resistance, mechanical strength, and film-forming properties 
of epoxy resins with low volatile organic compound (VOC) content, 
environmental friendliness, and high construction safety due to their 
aqueous dispersion medium. Consequently, they have gained wide
spread applications in anticorrosive coatings, industrial protection, 
building materials, adhesives, and composite functional materials. With 

increasing global green manufacturing and low-carbon requirements, 
waterborne epoxy systems are gradually replacing traditional solvent- 
based epoxies as the mainstream in protective coatings [1]. However, 
compared with solvent-based counterparts, waterborne epoxies are 
susceptible to uneven water evaporation, incomplete emulsion particle 
fusion, and phase separation during curing, inevitably forming micro
pores, interfacial defects, or local stress concentration within the coating 
[2]. Additionally, they exhibit inherent drawbacks including relatively 
low crosslinking density, high brittleness, insufficient wear resistance, 
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and limited anticorrosion performance, which severely restrict their 
large-scale application in high-performance protection and structural- 
functional integration field [3]. Therefore, improving the comprehen
sive properties of waterborne epoxies through filler composite modifi
cation has become a core research direction. Among various strategies, 
multi-component composite filler synergistic modification has attracted 
extensive attention from academia and industry for its ability to simul
taneously enhance multiple key coating properties [4,5].

Inorganic filler incorporation is one of the most effective approaches 
to improve the mechanical properties, wear resistance, thermal stability, 
and barrier properties of epoxy resins. Various fillers such as graphene 
[6,7], carbon nanotubes [8,9], boron particles [10], silica [11,12], and 
clay [13] have been widely investigated for epoxy composite modifi
cation. Kosedag et al. [14] compared the effects of graphene and silicon 
carbide (SiC) nanoparticles on carbon fiber-reinforced composites, 
finding graphene more effective in enhancing tensile and flexural 
strength. Shishevan et al. [15] reported that graphene nanoplates 
significantly improved the low-velocity impact performance and energy 
absorption capacity of basalt fiber-reinforced epoxy composites. 
Recently, two-dimensional hexagonal boron nitride (h-BN)-based com
posites have emerged as a research hotspot due to their exceptional 
thermal conductivity, chemical stability, and electrical insulation. Lu 
et al. [16] developed a urushiol-based biomimetic coating by sol-gel 
coating of SiO2 on h-BN, followed by 3-(methacryloyloxy) propyl
trimethoxysilane (MPS) functionalization and natural urushiol (Ur) 
grafting. The resulting hydrophobic, highly dispersed hybrid fillers, 
when incorporated into WEP at optimal loading, yielded coatings with 
excellent thermal and mechanical properties, maintaining a low- 
frequency impedance modulus of 2.33 × 1010 Ω⋅cm2 after 270 h im
mersion in 3.5 wt% NaCl solution. Physically modified boron nitride 
fillers have also been shown to enhance functional coating performance 
[17], while advanced biomimetic lacquer alcohol-modified SiO₂@BN 
hybrids simultaneously improved both thermal conductivity and 
corrosion resistance through optimized interfacial structures [18]. 
Multidimensional filler systems, leveraging synergistic effects between 
components of different dimensions, represent an important trend in 
epoxy modificatio. For instance, epoxy polysiloxane-SiO₂ nanoparticle 
coatings achieved excellent wear resistance, hydrophobicity, and anti
fouling properties through surface engineering [19].

Among inorganic fillers, alumina (Al₂O₃) is widely used for polymer 
composite reinforcement due to its high hardness, thermal stability, 
chemical inertness, and good thermal conductivity [20–22]. Numerous 
studies demonstrate that Al₂O₃ significantly improves the mechanical 
strength, wear resistance, and heat resistance of epoxy coatings [23]. For 
example, γ-Al₂O₃ modified with titanate coupling agents enhanced the 
mechanical, thermal, and corrosion resistance properties of epoxy 
coatings by improving interfacial compatibility and bonding strength 
between fillers and matrix [24]. Silica sol, an inorganic colloid con
taining abundant nano-SiO₂ particles and active silanol groups, forms 
hydrogen bonds or undergoes condensation reactions with hydroxyl 
groups on alumina surfaces, improving filler dispersion in aqueous 
epoxy system. Furthermore, nano-silica from silica sol participates in 
constructing denser inorganic-organic composite networks during 
curing, effectively filling micropores and prolonging diffusion paths for 
corrosive media, oxygen, and water molecules, thereby enhancing bar
rier performance [25].

Benzotriazole (BTA), a classic nitrogen-containing heterocyclic 
corrosion inhibitor, forms dense adsorption films and stable coordina
tion compounds on metal surfaces through its multiple coordinating 
nitrogen atoms [26]. Beyond corrosion inhibition, BTA improves filler 
organic affinity and enhances interfacial interactions with epoxy 
matrices via hydrogen bonding, coordination, and molecular adsorp
tion. Recent advances in BTA-based composite systems include BTA- 
doped epoxy coatings with passive synergistic protectio, mixed 
Zn₃(PO₄)₂-BTA@SiO₂ systems combining SiO₂ barrier effects with syn
ergistic anodic/cathodic inhibition [27], and dual-responsive 

Fe₃O₄@BTA-ZIF-8 nanocontainers enabling magnetic field-oriented 
distribution and pH-controlled release [28]. Spherical ZP-based pig
ments prepared by double cation co-precipitation also demonstrated 
improved dispersion and sustained-release properties, extending coating 
service life [29]. Compared with single filler modification, BTA incor
poration enables the construction of composite systems integrating 
inorganic reinforcement, nano-filling, and organic interface regulation, 
maximizing synergistic enhancement effects [30].

Based on the above analysis, this study innovatively designed a 
ternary composite filler system composed of spherical Al₂O₃, silica sol- 
derived SiO₂, and BTA for waterborne epoxy modification. We system
atically investigated the effects of this composite filler on the mechanical 
properties, wear resistance, thermal stability, and corrosion resistance of 
WEP, along with the underlying mechanisms. In this system, spherical 
alumina provides rigid reinforcement, wear resistance, and thermal 
stability; silica sol improves filler dispersion, enhances interfacial tran
sition layers, and increases coating density; while BTA exerts corrosion 
inhibition and further strengthens filler-matrix interactions through 
molecular-level adsorption and coordination. The synergistic effects of 
these three components are expected to comprehensively improve the 
performance and long-term service reliability of waterborne epoxy 
coatings. This work provides a simple, feasible strategy for high- 
performance and functional modification of waterborne epoxies, offer
ing theoretical and experimental support for their application in harsh 
environments such as marine engineering and petrochemical industries.

2. Experimental section

2.1. Materials

Spherical α-Al2O3 microspheres with an average particle size of 10 
μm were supplied by Denka Company Limited (Japan). Alkaline aqueous 
silica sol (25 wt% SiO2) was purchased from Nissan Chemical Corpo
ration (Japan). Benzotriazole (BTA, ≥99%) was obtained from Sigma- 
Aldrich (Merck KGaA, Germany). Waterborne epoxy dispersion (WEP, 
EPIKOTE™ 3515-W-60 A) was used as the polymeric matrix, which was 
provided by Hexion Inc. (USA); the typical properties are solid content 
of 60 wt%, epoxy equivalent weight (EEW) of 450–550 g/eq, viscosity of 
500–3000 mPa⋅s at 25 ◦C, and pH of 6.5–8.5. Waterborne polyamide 
curing agent AQUAEPO-3132 was provided by Huntsman Corporation 
(USA). Propylene glycol methyl ether (PM, analytical grade) was pur
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 
Wetting and dispersing agent BYK-2601 was purchased from BYK- 
Chemie GmbH (Germany). Butyl acetate and anhydrous ethanol 
(analytical grade) were supplied by Sinopharm Chemical Reagent Co., 
Ltd. (Shanghai, China). Deionized water was prepared in our laboratory.

2.2. Preparation of SiO₂@Al2O3 composite microspheres

At first, PM and deionized water were mixed at a volume ratio of 1:1 
under magnetic stirring for 10 min to construct a homogeneous cosol
vent system. PM was employed as a cosolvent to lower the excessively 
high surface tension of water, which significantly enhanced the wetta
bility of silica sol onto the high-surface-energy α-Al2O3 microspheres 
and facilitated the uniform spreading of silica sol on the particle surface. 
Subsequently, α-Al2O3 microspheres and aqueous silica sol were added 
sequentially at a mass ratio of 1:4, followed by the introduction of 0.5 wt 
% BYK-2601 wetting dispersant relative to the total solid content. The 
suspension was ultrasonicated for 60 min at room temperature and 
further mechanically stirred at 1000 rpm for 60 min to ensure the uni
form adsorption and coating of SiO₂ onto Al₂O₃. The mixture was 
concentrated via rotary evaporation at 45–50 ◦C under reduced pres
sure. The obtained wet powder was dried at 80 ◦C for 12 h, gently 
ground in an agate mortar, and sieved through a 200-mesh screen to 
yield dry SiO2@Al2O3 composite microspheres.
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2.3. Preparation of BTA-SiO2@Al2O3 composite microspheres

The mass ratio of Al₂O₃ to SiO₂ in the obtained core-shell carrier was 
approximately 1:4, consistent with the feeding ratio of alumina sol to 
silica sol. BTA was dissolved in butyl acetate to prepare a 5 wt% BTA 
solution. BTA exhibits strong adsorption affinity toward the silica sol 
shell due to abundant silanol groups (Si-OH) on the surface of 
SiO2@Al2O3 microspheres. Polar N-containing groups in BTA molecules 
can form hydrogen bonds with Si-OH groups, enabling stable and uni
form adsorption of BTA onto the SiO2 surface without obvious desorp
tion. SiO2@Al2O3 microspheres were immersed in the BTA solution and 
stirred at room temperature for 2 h to allow sufficient adsorption of BTA. 
The solid was collected by vacuum filtration, washed twice with butyl 
acetate, and dried at 60 ◦C under vacuum for 6 h to remove residual 
solvent, yielding BTA-loaded BTA-SiO2@Al2O3 composite microspheres.

2.4. Preparation of BTA-SiO2@Al2O3-WEP composite coatings

BTA-SiO2@Al2O3 composite microspheres were incorporated into 
WEP (EPIKOTE™ 3515-W-60 A) at filler loadings of 5, 10, 15, 20, and 
25 wt%, denoted as BTA-SiO2@Al2O3-WEP-X (X = 5, 10, 15, 20, 25). 
The filler loading (5–25 wt%) is defined as the total mass of the 
BTA–SiO₂@Al₂O₃ composite filler (including loaded BTA) relative to the 
mass of the waterborne epoxy resin matrix. The mixture was ball-milled 
at 1500 rpm for 120 min to achieve uniform dispersion.

Q235 carbon steel substrates and glass slides were polished with 
400#, 800#, and 1200# SiC sandpapers sequentially, ultrasonically 
cleaned with anhydrous ethanol for 10 min, and dried in cold air. WEP 
and waterborne curing agent were mixed at a mass ratio of 2:1. The 
mixture was coated onto substrates using a bar coater to achieve a dry 
film thickness of approximately 90 ± 5 μm. All coatings were cured at 
room temperature for 24 h and post-cured at 60 ◦C for 2 h to enhance 

crosslinking and compactness.
Fig. 1 schematically illustrates the preparation routes of BTA- 

SiO2@Al2O3 composite microspheres and the corresponding composite 
coatings. Fig. 1a shows the fabrication of BTA-SiO2@Al2O3 core-shell 
structures and subsequent BTA adsorption via hydrogen bonding be
tween BTA and surface Si-OH groups. Fig. 1b displays the blending of 
BTA-SiO2@Al2O3 with waterborne epoxy dispersion (WEP), coating, 
and curing processes to form the final composite anticorrosion coatings.

2.5. Characterization

Fourier transform infrared (FTIR) spectroscopy was employed to 
characterize the chemical structures and functional groups of raw ma
terials and as-prepared composite microspheres. Field emission scan
ning electron microscopy (FESEM) equipped with energy-dispersive X- 
ray spectroscopy (EDS) was used to observe the surface morphologies of 
BTA-SiO2@Al2O3 composite fillers and the cross-sectional morphologies 
of composite coatings as well as the corresponding elemental distribu
tion. X-ray diffraction (XRD) was applied to analyze the phase compo
sitions and crystal structures of pristine α-Al2O3 and BTA-SiO2@Al2O3 
composite fillers with Cu Kα radiation (λ = 0.15418 nm) over a 2θ range 
of 10◦ to 90◦ at an accelerating voltage of 40 keV. UV–Vis absorption 
spectroscopy (Shimadzu UV-2600, Japan) was used to quantify the BTA 
loading and investigate the pH-responsive release behavior of BTA- 
SiO2@Al2O3 fillers. First, BTA standard solutions with concentrations of 
1, 5, and 10 mg/L were prepared at pH = 4, 7, and 10, respectively, and 
their absorbance at the characteristic absorption wavelength was 
measured to establish standard calibration curves. For the release test, a 
certain amount of BTA-SiO2@Al2O3 filler was dispersed in 3.5 wt% NaCl 
solution with different pH values, and the supernatant was collected at 
preset time intervals for UV–Vis detection. The BTA loading was 
determined by the total release amount after 210 min of stirring at pH =

Fig. 1. Schematic Diagram of the Preparation Process for (a) BTA-SiO2@Al2O3 and (b) BTA-SiO2@Al2O3-WEP-X coating.
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4, under which condition BTA was completely released from the car
riers. Laser scanning confocal microscopy (LSCM) was utilized to char
acterize the three-dimensional surface morphology and roughness of 
cured composite coatings. Differential scanning calorimetry (DSC) was 
carried out on a NETZSCH DSC 214 instrument to determine the glass 
transition temperature and thermal dynamic properties of cured coat
ings, while thermogravimetric analysis (TGA) was performed on a Dia
mond TG-DTA analyzer to evaluate their thermal stability. Pencil 
hardness, flexibility, impact resistance, and adhesion strength were 
measured in accordance with corresponding national standards using a 
BGD 506/1 pencil hardness tester, QTX paint film elasticity tester, BGD 
302 tubular film impactor, and BGD 500 digital coating adhesion tester, 
respectively. Abrasion resistance was evaluated using a BGD 523 paint 
film abrasion tester following GB/T 1768–2008 with a 500 g load and 
450 rotation cycles. Corrosion resistance was evaluated by electro
chemical impedance spectroscopy (EIS) and Tafel polarization curves on 
a CS2350H electrochemical workstation in 3.5 wt% NaCl solution using 
a three-electrode system; Tafel curves were recorded at 2.5 mV/s within 
±0.25 V vs. open circuit potential (OCP), and EIS tests were conducted 
from 100 kHz to 0.01 Hz with a 10 mV AC amplitude [31]. X-ray 
photoelectron spectroscopy (XPS) was used to analyze the surface 
elemental composition and chemical valence states of corroded steel 
substrates. To further verify the reliability of the electrochemical test 
results and evaluate the practical protective performance of the coatings 
in a simulated marine atmospheric environment, a 240 h neutral salt 
spray accelerated corrosion test was conducted on the neat WEP coating 
and BTA-SiO2@Al2O3-WEP composite coatings with different filler 
loadings. All specimens were prepared with standardized artificial 
scratches (2.0 cm length, 0.5 mm width, through-coating to substrate) 
and tested under the conditions specified in GB/T 10125–2012.

3. Results and discussion

3.1. Structural and morphological characterization of BTA–SiO₂@Al₂O₃ 
composite microspheres and their intermediates

Firstly, the structure, morphology, and physicochemical properties 
of the as-prepared BTA–SiO2@Al2O3 were systematically characterized 
via FTIR spectroscopy, XRD, and FESEM respectively.

FTIR spectroscopy was utilized to characterize the chemical struc
tures and functional groups of pure BTA, α-Al2O3, amorphous SiO2, 
SiO2@Al2O3 core-shell microspheres, and BTA-SiO2@Al2O3 composite 
microspheres [32]. The retention, emergence, and regular shift of 
characteristic absorption peaks provide conclusive evidence for the 
effective core-shell hybridization of SiO2 onto α-Al2O3 and the stable 
adsorption of BTA onto the composite fillers. Pure α-Al2O3 microspheres 
present strong characteristic absorption peaks at 560 cm− 1 and 720 
cm− 1 assigned to the stretching vibrations of Al–O bonds, which are 
typical FTIR signals of the α-Al2O3 corundum phase; pure alkaline silica 
sol exhibits a prominent absorption peak at 1160 cm− 1 for the asym
metric stretching vibration of Si-O-Si bonds, a characteristic peak at 847 
cm− 1 for the bending vibration of Si–O bonds, and broad absorption 
bands at ~3400 cm− 1 and 1630 cm− 1 corresponding to the O–H 
stretching and bending vibrations of surface silanol (Si-OH) groups, 
respectively. For SiO2@Al2O3 composite microspheres, the character
istic Al–O peaks of α-Al2O3 are fully preserved, confirming that the sol- 
gel coating process does not destroy the intrinsic crystal structure of the 
α-Al2O3 core, while all characteristic absorption peaks of amorphous 
SiO2 are newly detected, directly verifying the successful and stable 
coating of amorphous SiO2 on α-Al2O3 microspheres to form a well- 
defined core-shell structure. Pure BTA shows distinctive characteristic 
peaks, including weak absorption at 3000–3100 cm− 1 for the C–H 
stretching of the benzene ring, a peak near 3200 cm− 1 for the N–H 
stretching of the triazole ring, strong peaks at 1400–1600 cm− 1 for the 
skeletal stretching of C––C and C––N bonds in aromatic and triazole 
rings, and peaks at 1200–1300 cm− 1 for the stretching of C–N and N–N 

bonds in the triazole ring; in the spectrum of BTA-SiO2@Al2O3, all core 
characteristic peaks of the SiO2@Al2O3 core-shell structure are retained, 
indicating that BTA adsorption does not damage the framework of the 
composite microspheres, and all characteristic peaks of BTA are clearly 
observed, confirming the successful introduction of BTA into the com
posite system. Notably, the broad Si-OH absorption band near 3400 
cm− 1 in BTA-SiO2@Al2O3 displays an obvious red shift and peak 
broadening compared with that of SiO2@Al2O3, which originates from 
the formation of strong intermolecular hydrogen bonds between the 
electron-rich N atoms in the BTA triazole ring and the hydroxyl 
hydrogen atoms in the surface Si-OH groups of the SiO2 shell, demon
strating that BTA is stably and uniformly adsorbed onto the SiO2 shell 
via hydrogen bonding instead of simple physical mixing or residual 
solvent, which is consistent with the homogeneous distribution of N 
element in the EDS elemental maps. These FTIR results furnish critical 
structural and functional group support for the improved physical bar
rier and corrosion inhibition properties of the subsequent composite 
coatings.

Fig. 2(b) shows the XRD patterns of pristine α-Al₂O₃ and as- 
synthesized BTA-SiO2@Al2O3 core–shell microspheres. Both samples 
exhibit well-defined, sharp diffraction peaks at 2θ = 25.6◦, 35.1◦, 43.4◦, 
52.6◦, 57.5◦, 66.5◦, and 68.2◦, all assigned to the characteristic re
flections of the corundum phase of α-Al2O3. The full retention of the 
peak profile for BTA-SiO2@Al2O3 confirms that the sol–gel SiO2 coating 
process does not alter the intrinsic crystalline structure of the α-Al2O3 
core. A slight decrease in the intensity of these characteristic peaks is 
observed for the composite microspheres relative to bare α-Al2O3, 
attributed to the X-ray shielding and scattering effects of the amorphous 
SiO2 shell. Concurrently, a distinct broad diffraction hump in the 2θ 
range of 17.5◦-22◦ provides direct evidence for the successful deposition 
of amorphous SiO2 onto the α-Al2O3 surface. No characteristic diffrac
tion peaks of BTA are detected in the pattern, which is rationalized by 
the low loading of BTA on the composite fillers, whose weak diffraction 
signals are completely obscured by the dominant signals from the Al2O3 
core and SiO2 shell.

Fig. 2(c) shows the surface morphology and elemental composition 
of as-synthesized BTA-SiO2@Al2O3 core–shell microspheres, character
ized by FESEM with EDS. In contrast to the smooth surface of pristine 
α-Al₂O₃ microspheres, the BTA-SiO2@Al2O3 composite fillers display a 
rough yet uniform surface texture, arising from a dense, conformal 
amorphous SiO2 shell tightly anchored onto the α-Al2O3 microsphere 
core. The homogeneous distribution of the silica component with 
consistent particle size confirms that the sol-gel coating and drying 
process were precisely regulated, eliminating particle agglomeration, 
shell cracking, and inhomogeneous deposition.

The water/PM cosolvent system plays a critical role in forming this 
high-quality SiO2 shell: it modulates the hydrolysis–condensation ki
netics of the silica sol, suppresses premature gelation during high-speed 
dispersion and ultrasonication, and mitigates shell shrinkage/cracking 
during drying, thus enabling the growth of a continuous, defect-free 
SiO2 layer. The abundant surface Si-OH groups of the SiO2 shell 
further serve as hydrogen-bonding sites to enable stable, uniform 
adsorption of BTA molecules onto the microsphere surface. Beyond 
enabling BTA immobilization, this core–shell architecture effectively 
mitigates the inherent self-aggregation of inorganic microfillers in the 
WEP matrix, which is critical for improving the processability and 
structural uniformity of the final composite coatings.

The corresponding EDS elemental maps reveal homogeneous spatial 
distribution of Si, O, and N throughout individual BTA-SiO2@Al2O3 
microspheres. This uniform elemental dispersion unambiguously ver
ifies the successful conformal coating of SiO₂ and efficient loading of 
BTA without detectable phase segregation. Taken together, the FESEM 
and EDS results validate the rational design and successful fabrication of 
BTA-SiO2@Al2O3 core–shell microspheres with a well-defined archi
tecture, uniform composition, and favorable interfacial properties, 
making them promising functional fillers for high-performance 
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anticorrosion coatings.

3.2. pH-responsive release behavior of BTA

To elucidate the active protection mechanism of the BTA- 
SiO2@Al2O3 /WEP coating, the release behavior of BTA from the core- 
shell nanocarriers under different pH conditions was systematically 
investigated via UV–Vis absorption spectroscopy.

First, the UV–Vis spectrum of the pristine SiO2@Al2O3 carrier was 
tested to eliminate its spectral interference on BTA quantitative detec
tion (Fig. 3a). No obvious characteristic absorption peak appeared in the 
wavelength range of 200–800 nm, confirming that the inorganic carrier 
itself does not affect the accuracy of BTA concentration measurement. 
Subsequently, BTA standard solutions with gradient concentrations (1, 
5, 10 mg/L) were prepared at pH = 4, 7, and 10 respectively, and their 
absorption spectra are shown in Fig. 3b-d. The maximum characteristic 
absorption peaks of BTA were located at 260 nm, 250 nm, and 260 nm 
under acidic, neutral, and alkaline conditions, respectively. The linear 
fitting curves of absorbance versus BTA concentration at the three pH 

values all show good linear correlation (Fig. 3e), which can be used for 
subsequent quantitative calculation of BTA concentration.

The time-resolved UV–Vis absorption spectra of BTA released from 
BTA-SiO2@Al2O3 fillers in 3.5 wt% NaCl solution at different pH values 
are presented in Fig. 3f-h. The cumulative release percentages of BTA 
calculated from the standard curves are plotted in Fig. 3i. The whole 
release process can be divided into three stages: the rapid release stage 
within the first 60 min, the medium-speed release stage from 60 to 150 
min, and the slow release stage from 150 to 210 min. The release rate 
follows the order of pH = 4 > pH = 10 > pH = 7, showing a significant 
pH-dependent controlled release behavior.

The underlying mechanism of the pH-responsive release can be 
explained as follows: under strong acidic conditions, H+ can hydrolyze 
and destroy the outer SiO2 barrier layer and dissolve the inner Al2O3 
carrier; meanwhile, the protonation of BTA molecules weakens the 
interfacial adsorption force between BTA and the carrier. The triple ef
fects jointly promote the rapid and massive release of BTA. Under 
neutral conditions, the dense SiO2 shell seals the pore channels of the 
carrier, and the inorganic framework remains stable, so only a small 

Fig. 2. (a) FTIR spectra of BTA, pristine α-Al2O3, amorphous SiO2, and BTA-SiO2@Al2O3 composite microspheres; (b) XRD patterns of pristine α-Al₂O₃ and BTA- 
SiO2@Al2O3 microspheres; (c) FESEM image and corresponding EDS analysis of BTA-SiO2@Al2O3 composite microspheres.
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amount of BTA is released slowly. Under alkaline conditions, OH−

causes slight etching of the silica framework, resulting in a moderate 
release rate between acidic and neutral conditions.

Notably, after stirring for 210 min in pH = 4 3.5 wt% NaCl solution, 
BTA was almost completely released from the BTA-SiO2@Al2O3 nano
particles. Therefore, the total BTA content released under this condition 
was defined as the BTA loading capacity of the composite filler. Based on 
the standard curve calculation, the BTA loading was approximately 5 wt 
% relative to the total mass of the BTA-SiO2@Al2O3 composite filler. 
This pH-responsive on-demand release behavior endows the coating 
with active anticorrosion capability: when local acidification occurs at 
coating defects and corrosion sites, BTA can be rapidly released to form a 
protective complex film on the metal surface, so as to inhibit the further 
propagation of corrosion.

3.3. Effects of BTA–SiO2@Al2O3 incorporation on the morphology and 
properties of composite coatings

To systematically elucidate the regulatory effect of BTA-SiO2@Al2O3 
composite fillers on the microstructure of waterborne epoxy coatings, 
the neat WEP coating was first employed as the blank control to char
acterize its intrinsic surface and cross-sectional morphologies as well as 
inherent structural defects. Subsequently, BTA-SiO2@Al2O3-WEP-20 
was selected as the representative sample to conduct a comparative 
investigation on the morphological evolution of composite coatings 
before and after filler incorporation.

As shown in Fig. 4a, the pure WEP coating exhibits a smooth, 
continuous surface without obvious particle protrusions or macroscopic 
defects, confirming that the aqueous epoxy resin can form a relatively 
intact film structure after curing. However, the pure WEP coating suffers 
from inherent structural limitations: during the curing process, the 
evaporation of water and volatile organic compounds inevitably leaves 

Fig. 3. UV–Vis characterization of pH-responsive BTA release behavior of BTA–SiO₂@Al₂O₃ fillers. (a) UV–Vis absorption spectrum of pristine SiO₂@Al₂O₃ carrier; 
(b–d) UV–Vis absorption curves of BTA standard solutions with different concentrations at pH = 4, 7, and 10; (e) Fitted standard curves of absorbance versus BTA 
concentration under three pH conditions; (f–h) UV–Vis absorption spectra of released BTA from BTA–SiO₂@Al₂O₃ at different immersion time at pH = 4, 7, and 10; (i) 
Cumulative BTA release percentage within 210 min under different pH conditions.
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interconnected micropores (diameter: 50–200 nm) and free volume 
defects in the resin matrix. These defects act as preferential permeation 
pathways for corrosive media (H2O, O2, and Cl− ), allowing them to 
gradually penetrate to the metal substrate even in the absence of 
macroscopic cracks. Additionally, the pure WEP coating shows a typical 
brittle fracture characteristic with a flat cross-section, indicating poor 
resistance to crack propagation under mechanical stress or thermal 
cycling. After incorporating BTA-SiO2@Al2O3 composite microspheres, 
the coating surface presents uniformly distributed micro-nano pro
trusions (Fig. 4b), which correspond to the submicron-sized composite 
microspheres embedded in the resin matrix. No obvious agglomeration 
of microspheres is observed, demonstrating that the surface modifica
tion with SiO2 and BTA significantly improves the dispersibility of Al2O3 
in the aqueous epoxy system. This improvement is attributed to two 
synergistic effects: Firstly, the amorphous SiO₂ shell introduces abun
dant silanol groups (Si–OH) on the microsphere surface, which form 
strong hydrogen bonds with the epoxy groups and hydroxyl groups in 
the WEP matrix; Secondly, the absorbed BTA molecules contain aro
matic rings and amino groups, which enhance the interfacial compati
bility between the inorganic filler and the organic resin via π–π stacking 
and van der Waals interactions. Most microspheres are completely 
wrapped by the epoxy resin, forming a tight filler-resin interface without 
obvious gaps, which effectively avoids the formation of interfacial de
fects that would accelerate corrosion medium penetration.

The cross-sectional FESEM image (Fig. 4c) further reveals that the 
BTA–SiO2@Al2O3 microspheres are uniformly dispersed throughout the 
entire coating thickness, and the coating maintains a continuous, dense 
structure without penetrating cracks or large voids. Compared with the 
pure WEP coating, the cross-section of the composite coating shows a 
rougher fracture surface with obvious crack deflection and branching, 
indicating that the composite microspheres effectively absorb fracture 
energy and improve the toughness of the coating. The high- 
magnification cross-sectional image (Fig. 4d) clearly shows that the 
composite microspheres are tightly embedded in the resin matrix, 
forming a three-dimensional interpenetrating barrier structure. This 
structure exerts a significant “labyrinth effect”: the randomly distributed 
spherical microspheres force corrosive media to take tortuous diffusion 
paths instead of straight-line penetration.

This densification effect not only blocks the direct permeation 
channels of corrosive media but also improves the mechanical integrity 
of the coating. It is worth noting that no obvious interfacial debonding is 
observed between the microspheres and the resin matrix, which con
firms the excellent interfacial adhesion achieved by the core-shell 
modification strategy. This strong interfacial bonding is crucial for 
maintaining the long-term stability of the barrier structure, as it prevents 
the formation of interfacial gaps that would act as fast diffusion path
ways for corrosive ions during prolonged immersion.

3.4. Thermal property enhancement of waterborne epoxy coatings via 
BTA–SiO2@Al2O3 core-shell microspheres

3.4.1. TGA measurement
TGA measurement was employed to systematically evaluate the 

thermal degradation behavior and thermal stability of the neat water
borne epoxy (WEP) coating, 25 wt% pristine α-Al2O3 filled WEP coating 
(Al2O3-WEP-25), and 25 wt% BTA–SiO2@Al2O3 composite filler filled 
WEP coating (BTA–SiO2@Al2O3-WEP-25), and the results are shown in 
Fig. 5. The 5% mass loss temperatures (initial decomposition tempera
tures) of each coating are indicated by the dashed lines, which is a core 
indicator for evaluating the thermal stability of polymer materials and 
represents the critical temperature at which significant thermal degra
dation of the material begins [33].

All coatings exhibited slight mass loss (<5%) in the temperature 
range of 25–200 ◦C, which was mainly attributed to the removal of a 
small amount of residual solvent and physically adsorbed water after 
coating curing. After entering the main thermal degradation stage, the 
thermal stabilities of the three coatings showed significant differences: 
the 5% mass loss temperature of the neat WEP coating was only 
193.25 ◦C, indicating its poorest thermal stability; after the introduction 
of pristine α-Al₂O₃ microspheres, the initial decomposition temperature 
of Al2O3-WEP-25 increased to 208.22 ◦C. This was because the high- 
melting-point and low-thermal-conductivity α-Al₂O₃ microspheres 
formed a physical barrier in the resin matrix, inhibiting the rapid con
duction of heat and the diffusion of small-molecule degradation prod
ucts. In contrast, the initial decomposition temperature of the 
BTA–SiO2@Al2O3-WEP-25 coating was significantly increased to 

Fig. 4. FESEM images of (a) the surface morphology of neat WEP coating, (b) the surface morphology of BTA-SiO2@Al2O3-WEP-20 composite coating, (c) the cross- 
sectional morphology of BTA-SiO2@Al2O3-WEP-20 composite coating, and (d) the high-magnification cross-sectional morphology of the yellow dashed region in (c). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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295.04 ◦C, which was 101.79 ◦C higher than that of the neat WEP 
coating and 86.82 ◦C higher than that of the Al2O3-WEP-25 coating, 
demonstrating excellent thermal stability. This remarkable improve
ment originated from the synergistic effect of the BTA-SiO2@Al2O3 core- 
shell structure: the continuous amorphous SiO₂ shell formed micro 
thermal barrier units, further attenuating heat transfer; meanwhile, the 
abundant silanol groups (Si-OH) on the surface of the SiO₂ shell formed a 
high-density hydrogen-bonding crosslinking network with the hydroxyl 
and amino groups in the epoxy resin matrix, restricting the thermal 
motion of epoxy molecular chains and delaying the cleavage of the 
polymer backbone.

In the later stage of high-temperature thermal degradation, all three 
coatings entered a mass-stable plateau stage: the neat WEP coating 
basically maintained a constant mass after approximately 400 ◦C, with a 
final residual rate of about 10%, which was mainly the carbonized 
product formed by the thermal degradation of the epoxy resin; the 
Al2O3-WEP-25 coating tended to be stable after approximately 450 ◦C, 
with a final residual rate of about 36%, and the residual substances 
included α-Al₂O₃ inorganic fillers and carbonized matrix; the BTA- 
SiO2@Al2O3 coating entered a stable plateau after approximately 
500 ◦C, with a final residual rate as high as about 44%. This was because 
its core-shell structure not only retained the two inorganic fillers of 
α-Al2O3 and SiO2 but also promoted the carbonization of the epoxy resin 
through interfacial interactions, forming a denser carbon layer and 
further improving the structural stability at high temperatures.

3.4.2. DSC measurement
To further investigate the regulatory mechanism of BTA-SiO2@Al2O3 

core-shell composite fillers on the thermal motion behavior of molecular 
chains in waterborne epoxy coatings(WEP), DSC was employed to 
determine the glass transition temperature (Tg) of composite coatings 
with various filler loadings. As shown in Fig. 6, the neat WEP coating 
cured with waterborne polyamide exhibited a Tg of 29.59 ◦C. With the 
gradual increase in the loading of BTA-SiO₂@Al₂O₃ from 5 wt% to 25 wt 
%, the glass transition temperature (Tg) of the cured composite coatings 
first rises and then decreases, peaking at 37.9 ◦C when the filler loading 
is 20 wt%.

The mechanism underlying the Tg enhancement can be attributed to 
the strong interfacial interaction between the fillers and the resin matrix 

[34]. FESEM characterization confirmed that the surface of Al2O3 mi
crospheres was successfully coated with a dense amorphous SiO2 shell, 
which was rich in abundant active silanol (Si-OH) groups. These func
tional groups could form a high-density hydrogen-bonding crosslinking 
network with hydroxyl, amino, and ether groups in the WEP matrix, 
significantly restricting the thermal mobility of epoxy molecular chains 
and thus increasing the Tg of the composite coatings. The elevated Tg not 
only contributed to the improved hardness and mechanical stability of 
the coatings but also further inhibited the diffusion and penetration of 
corrosive media in the three-dimensional polymer network, thereby 
synergistically enhancing the long-term anticorrosion performance of 
the coatings.

3.5. Mechanical property enhancement of waterborne epoxy coatings via 
BTA–SiO2@Al2O3 core-shell microspheres

Combined with the above DSC and TGA thermal analysis results, 
BTA-SiO₂@Al2O3 fillers can construct interfacial hydrogen-bonding 
networks, restrict the mobility of epoxy molecular chains, and 
improve the compactness and structural rigidity of coatings. The inter
nal molecular chain behavior and interfacial microstructure funda
mentally govern the macroscopic mechanical properties. Accordingly, 
the mechanical performances of composite coatings were systematically 
evaluated in terms of hardness, flexibility, impact resistance, adhesion 
and abrasion resistance. All tests were performed in triplicate, and the 
average values with standard deviations are summarized in Table 1.

Pencil hardness increases progressively with filler loading, 
advancing from B for the neat WEP to 3H at loadings of 20 and 25 wt%. 
This stiffening effect is accompanied by a gradual decline in flexibility 
and adhesion strength as more inorganic filler is introduced. Flexibility 
remains at 0.5 mm for loadings ≤10 wt%, increases to 1.0 mm at 15–20 
wt%, and drops further to 1.5 mm at 25 wt%. Adhesion strength de
creases moderately with rising filler content but stays above 2.0 MPa for 
all formulations. Impact resistance remains unchanged across all sam
ples, with all coatings passing the 50 kg⋅cm test without cracking or 
delamination, indicating that filler incorporation does not compromise 
impact tolerance within the tested range.

As for abrasion resistance, a critical service property for protective 
coatings, the cumulative mass loss after 450 abrasion cycles shows a 
typical volcano-type trend with filler loading. The neat WEP coating 
exhibits the poorest wear resistance with the highest mass loss, while 

Fig. 5. Thermogravimetric analysis (TGA) curves of neat waterborne epoxy 
(WEP) coating, 25 wt% pristine α-Al2O3 filled WEP coating (Al2O3-WEP-25), 
and 25 wt% BTA-SiO2@Al2O3 composite filler filled WEP coating (BTA- 
SiO2@Al2O3-WEP-25). The 5% mass loss temperatures (initial decomposition 
temperatures) of each coating are indicated by the dashed lines.

Fig. 6. DSC curves of neat waterborne epoxy (WEP) coating and BTA- 
SiO2@Al2O3-WEP composite coatings with filler loadings of 5, 10, 15, 20, and 
25 wt%. The glass transition temperatures (Tg) of each coating are indicated by 
the arrows.
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incorporation of BTA–SiO2@Al2O3 fillers markedly reduces material 
loss. At 20 wt% loading, the abrasion mass loss reaches a minimum of 
0.021 g, corresponding to a 79.4% reduction compared with the neat 
WEP. This improvement is attributed to the rigid Al2O3 framework 
carrying contact loads and the hydrogen-bonded interfacial network 
restricting polymer chain sliding under friction. When loading is 
increased to 25 wt%, however, abrasion mass loss rebounds to 0.026 g, 
indicating that excess filler impairs wear performance. The full abrasion 
mass loss curves with increasing cycles are provided in Fig. S1 in the 
supporting information.

Incorporating inorganic fillers into waterborne epoxy entails a clear 
trade-off between thermal-mechanical reinforcement and property 
deterioration at high loadings. Thermal properties improve mono
tonically with filler content, reaching maximum enhancement at 25 wt 
%-a 101.79 ◦C rise in initial decomposition temperature and an 8.31 ◦C 
increase in Tg -because the inherent thermal stability of the inorganic 
phase and interfacial hydrogen bonding persist even at high filler frac
tions. In contrast, comprehensive mechanical performance follows a 
volcano-shaped trend. From 0 to 20 wt% loading, the performance gains 
are substantial: hardness rises by four grades and abrasion mass loss 
drops by 79.4%, while flexibility (1.0 mm) and adhesion (2.14 MPa) 
remain within acceptable service ranges. Increasing the loading from 20 
to 25 wt% yields no further improvement in hardness, yet causes a 50% 
drop in flexibility (from 1.0 to 1.5 mm), a 2.3% reduction in adhesion, 
and a 23.8% rebound in abrasion mass loss. The marginal gain in ther
mal stability from this additional 5 wt% filler is clearly outweighed by 
the deterioration in key mechanical properties.

This performance deterioration above 20 wt% arises from interre
lated microstructural effects. At high filler fractions, the reduced inter
particle distance and strong van der Waals attractions between alumina 
microspheres promote the formation of large agglomerates that act as 
internal stress concentration sites, initiating crack propagation under 
bending or mechanical deformation and thereby reducing coating flex
ibility. The epoxy matrix cannot fully wet and encapsulate overcrowded 
filler particles, leaving interfacial voids and partial debonding at the 
agglomerate–matrix boundaries; these defects weaken the overall 
bonding between the coating film and the steel substrate, lowering 
adhesion strength and promoting material spalling during abrasion. 
Additionally, a high volume fraction of inorganic particles interrupts the 
continuity of the three-dimensional epoxy–curing agent crosslinking 
network, reducing the intrinsic toughness of the polymer matrix and 
further compromising deformation resistance.

On balance, the 20 wt% loading achieves the optimal balance of 
thermal stability, mechanical performance, and anticorrosion protection 
(detailed in Section 3.6). At this loading, the coating retains near- 
maximal thermal stability, exhibits the highest hardness and abrasion 
resistance, and maintains adequate flexibility and interfacial adhesion, 
enabling simultaneous enhancement of multiple critical service prop
erties for waterborne epoxy coatings.

3.6. Anticorrosion performance enhancement of waterborne epoxy 
coatings via BTA-SiO2@Al2O3 core-shell microspheres

Electrochemical impedance spectroscopy (EIS) is a core electro
chemical technique for characterizing the protective performance of 
organic coatings, elucidating the permeation process of corrosive media, 
and revealing the failure mechanism of coating systems. To systemati
cally investigate the regulatory effect of BTA-SiO2@Al2O3 core-shell 
microspheres incorporation on the anticorrosion performance of 
waterborne epoxy (WEP) composite coatings, the content of WEP matrix 
was fixed, and the loading of BTA-SiO2@Al2O3 core-shell microspheres 
was gradiently varied in the range of 5–25 wt% in this work. Six groups 
of coated specimens were prepared, where sample Fig. 7 a was the neat 
WEP coating, and samples Fig. 7 b–f corresponded to the composite 
coatings with filler loadings of 5, 10, 15, 20, and 25 wt%, respectively. 
All specimens were immersed in 3.5 wt% NaCl aqueous solution 
(simulated seawater), and EIS spectra were collected at predefined im
mersion time points of 1, 24, 48, 96, and 240 h. The initial physical 
barrier performance, long-term protective stability, and interfacial 
corrosion evolution mechanism of the composite coatings were sys
tematically analyzed based on the acquired EIS data.

3.6.1. Nyquist plot analysis: evolution of coating barrier integrity
The radius of the capacitive arc in the Nyquist plot directly reflects 

the polarization resistance of the coating system, where a larger radius 
indicates a higher charge transfer resistance and superior corrosion 
resistance. [31] All coatings exhibited capacitive arc radii greater than 
106 Ω⋅cm2 at the initial immersion stage (1 h), indicating that the as- 
cured coatings possessed a dense structure without obvious macro
scopic defects. Among them, the neat waterborne epoxy (WEP) coating 
(sample a) showed the smallest capacitive arc radius, while the intro
duction of BTA-SiO2@Al2O3 composite fillers significantly increased the 
arc radius. This phenomenon can be attributed to the “labyrinth effect” 
of the composite fillers, which effectively prolonged the diffusion paths 
of corrosive media such as H2O, O2, and Cl− within the coating. How
ever, the performance evolution patterns of coatings with different filler 
loadings during long-term immersion were significantly different.

For samples b, c, and d (corresponding to 5, 10, and 15 wt% filler 
loadings, respectively) with low BTA-SiO2@Al2O3 content, their initial 
barrier properties were significantly improved compared with the neat 
WEP coating, but their long-term protective stability was generally poor. 
After 48 h of immersion, a distinct second time constant appeared in the 
high-frequency region of the Nyquist plots for these three groups of 
samples, indicating that corrosive media had penetrated to the coating- 
metal interface through tiny inherent defects inside the coating and 
initiated initial corrosion of the substrate. By 240 h of immersion, the 
capacitive arc diameters of samples b, c, and d all decreased signifi
cantly, and the protective performance of the coatings showed varying 
degrees of attenuation. This is because at low filler loadings, the 

Table 1 
Mechanical properties of the composite coatings with various BTA-SiO2@Al2O3 content.

Mechancal 
properties  

Mechanical properties 
Samples 
Samples

WEP BTA-SiO2@Al2O3- 
WEP-5

BTA-SiO2@Al2O3-WEP- 
10

BTA-SiO2@Al2O3-WEP- 
15

BTA-SiO2@Al2O3-WEP- 
20

BTA-SiO2@Al2O3-WEP- 
25

Pencil hardness B H H 2H 3H 3H
Flexibility(mm) 0.5 0.5 0.5 1 1 1.5
Impact resistance(kg. 

cm)
50 50 50 50 50 50

Adhesion strength 
(Mpa)

2.95 2.75 2.46 2.21 2.14 2.09

Abrasion mass loss / g
0.102 ±
0.008 0.076 ± 0.005 0.048 ± 0.004 0.030 ± 0.003 0.021 ± 0.002 0.026 ± 0.003
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composite fillers cannot form a continuous three-dimensional barrier 
network, and corrosive media can still slowly penetrate through the 
resin matrix regions between the fillers. Moreover, the limited release 
amount of BTA corrosion inhibitor is insufficient to completely inhibit 

the interfacial corrosion reactions.
Sample f (25 wt% filler loading) had a higher initial capacitive arc 

diameter than the neat WEP coating, but its performance degradation 
rate was the fastest among all samples. After 24 h of immersion, its 

Fig. 7. Electrochemical impedance spectroscopy (EIS) spectra of (a) neat WEP coating, (b) BTA-SiO2@Al2O3-WEP-5, (c) BTA-SiO2@Al2O3-WEP-10, (d) BTA- 
SiO2@Al2O3-WEP-15, (e) BTA-SiO2@Al2O3-WEP-20, and (f) BTA-SiO2@Al2O3-WEP-25 composite coatings immersed in 3.5 wt% NaCl solution for 1 h, 24 h, 48 h, 96 
h, and 240 h. For each sample: (1) Nyquist plots (the insets show the enlarged views of the Nyquist plots in the low-impedance region), (2) Bode magnitude plots, and 
(3) Bode phase angle plots.
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capacitive arc diameter plummeted to 107 Ω⋅cm2; after 48 h, it already 
exhibited obvious double capacitive arc characteristics, indicating that 
the substrate corrosion was relatively severe; by 240 h, the capacitive 
arc diameter was only 107 Ω⋅cm2, and the protective performance of the 
coating was largely compromised. The fundamental reason is that 
excessive filler loading leads to severe agglomeration between particles, 
generating a large number of interfacial pores and microcracks inside 
the coating. These defects act as rapid penetration channels for corrosive 
media, accelerating the failure process of the coating.

3.6.2. Bode magnitude plot analysis: quantitative evaluation of long-term 
protective performance

The low-frequency impedance modulus at 0.01 Hz (|Z|0.01Hz) in the 
Bode magnitude plot is a core quantitative indicator for evaluating the 
overall protective performance of organic coatings [31]. Its value 
comprehensively reflects the physical barrier capability of the coating 
matrix and the electrochemical corrosion inhibition effect at the coating- 
metal interface, and is positively correlated with the long-term corrosion 
resistance of the coating. Consistent with the results of Nyquist plot 
analysis, the |Z|0.01Hz of the neat waterborne epoxy (WEP) coating was 
only 1.2 × 106 Ω⋅cm2 after 1 h of initial immersion, indicating that its 
initial physical barrier capability was insufficient due to inherent 
microporous defects caused by the volatilization of water and small 
molecules during the curing process. After the introduction of BTA- 
SiO2@Al2O3 composite fillers, the initial low-frequency impedance of 
the coatings exhibited a significant “first increase then decrease” trend. 
When the filler loading was gradually increased from 5 wt% to 20 wt%, 
the |Z|0.01Hz was significantly enhanced from 3.5 × 107 Ω⋅cm2 to 9.2 ×
109 Ω⋅cm2 (nearly 3 orders of magnitude higher than that of the neat 
WEP coating), while it decreased to 2.1 × 108 Ω⋅cm2 when the filler 
loading was further increased to 25 wt%, confirming that there exists a 
clear optimal loading threshold for the enhancement effect of composite 
fillers on the corrosion resistance of coatings. During the 240 h contin
uous immersion process, the evolution patterns of |Z|0.01Hz for coatings 
with different filler loadings showed significant differences: the low- 
frequency impedance of the neat WEP coating decreased continuously 
and sharply, dropping below 104 Ω⋅cm2 at 240 h, and the coating 
basically lost its protective function; although the low-loading (5–15 wt 
%) filler-modified coatings showed improved initial impedance, their 
long-term stability was insufficient due to the failure to form a contin
uous three-dimensional barrier network and the limited release amount 
of corrosion inhibitor, and their |Z|₀.₀₁Hz decreased to 105/106 Ω⋅cm2 at 
240 h; the high-loading (25 wt%) sample suffered from the most severe 
performance degradation, with its |Z|0.01Hz being only 8.5 × 105 Ω⋅cm2 

at 240 h, which was attributed to the severe agglomeration effect caused 
by excessive fillers, generating a large number of interfacial pores and 
microcracks that acted as rapid penetration channels for corrosive 
media. In sharp contrast, the sample with the optimal loading of 20 wt% 
exhibited excellent long-term protective stability, and its |Z|0.01Hz still 
remained at 6.3 × 107 Ω⋅cm2 at 240 h (more than 2 orders of magnitude 
higher than that of the neat WEP coating). Its superior performance 
originated from the synergistic protective mechanism of “physical 
barrier-chemical corrosion inhibition”: the uniformly dispersed com
posite fillers constructed a continuous and dense three-dimensional 
barrier network, which significantly prolonged the diffusion paths of 
corrosive media through the “labyrinth effect”; meanwhile, BTA mole
cules adsorbed on the surface of the SiO2 shell were slowly released to 
the coating-metal interface with the penetration of corrosive media, and 
chelated with Fe2+/Fe3+ ions dissolved from the substrate to form a 
dense passivation film, effectively inhibiting the occurrence and devel
opment of interfacial electrochemical reactions.

3.6.3. Bode phase angle plot analysis: coating capacitive behavior and 
interfacial corrosion evolution

The magnitude, number, and frequency position of phase angle 
peaks in the Bode phase angle plot intuitively reflect the time constant 

characteristics of the coating-metal system [35,36]. A phase angle peak 
closer to − 90◦ with a wider frequency coverage indicates more signifi
cant pure capacitive behavior of the system, a denser coating structure 
with fewer defects, and superior physical barrier performance. The 
appearance of a second time constant signifies that corrosive media have 
penetrated to the coating-metal interface and initiated electrochemical 
corrosion reactions of the substrate. Highly consistent with the analysis 
results of Nyquist plots and Bode magnitude plots, the phase angle 
evolution patterns of coatings with different filler loadings showed 
significant differences, clearly revealing the dynamic changes of the 
internal coating structure and interfacial state. The neat WEP coating 
exhibited insufficient initial compactness due to residual micropores 
from curing, showing a relatively low phase angle peak with a narrow 
frequency range at the initial immersion stage. A double time constant 
formed rapidly after 24 h of immersion, indicating that corrosive media 
had quickly penetrated to the interface through inherent defects, and 
interfacial corrosion reactions became the core factor dominating the 
failure of coating protection. Samples b, c, and d (5–15 wt%) with low 
BTA-SiO2@Al2O3 loading initially showed a single high phase angle 
peak, indicating a relatively dense initial coating structure. However, 
with prolonged immersion time, the phase angle peak gradually 
decreased and the frequency range narrowed, and a second time con
stant appeared successively within 48–96 h. The interfacial corrosion 
process developed gradually from slow to fast, and the attenuation rate 
of protective performance slightly accelerated with increasing filler 
loading. This is because low-content fillers cannot form a continuous 
barrier network, corrosive media can still slowly penetrate through the 
resin matrix regions, and the increased interfacial defects caused by 
higher filler loading further accelerate medium penetration. The high- 
loading sample f (25 wt%) exhibited double time constant characteris
tics even at the initial immersion stage, and the phase angle peak shifted 
rapidly to the high-frequency direction, indicating that interfacial pores 
and microcracks generated by excessive filler agglomeration had 
become initial defects, leading to rapid penetration of corrosive media to 
the interface at the early stage of immersion and rapid failure of the 
coating structure. In sharp contrast, the optimal-loading sample e (20 wt 
%) always maintained a single high phase angle peak throughout the 
240 h immersion period, with the phase angle peak stably remaining 
above − 80◦ and covering a wide frequency range, and no obvious 
evolution of double time constants was observed. This indicates that the 
capacitive behavior of the coating was stable, corrosive media did not 
penetrate to the coating-metal interface, and interfacial electrochemical 
reactions were effectively inhibited, fully demonstrating the synergistic 
protective effect of the continuous three-dimensional physical barrier 
network constructed by uniformly dispersed composite fillers and the 
controlled release of BTA corrosion inhibitor.

3.6.4. Equivalent circuit fitting and interfacial corrosion kinetics analysis
Although the qualitative analysis of Nyquist plots and Bode plots can 

intuitively reveal the evolution trend and overall law of coating pro
tective performance, it cannot quantitatively distinguish the indepen
dent contributions of coating bulk physical barrier and interfacial 
electrochemical corrosion, nor can it accurately quantify the variation 
amplitude of key kinetic parameters during the corrosion process 
[37,38]. To deeply analyze the microscopic mechanism of coating fail
ure and quantitatively evaluate the regulatory effect of composite fillers 
on the physical barrier capability of coatings and the interfacial corro
sion inhibition effect, the electrochemical impedance spectra of the neat 
waterborne epoxy (WEP) coating and the optimal 20 wt% BTA- 
SiO₂@Al₂O₃ composite coating immersed in 3.5 wt% NaCl solution for 
different durations were quantitatively fitted using the two-time- 
constant equivalent circuit model Rs(CPEc(Rc(CPEd(Rct) ) ) ) shown in 
Fig. 8(a).

A unified dual-time-constant equivalent circuit model was adopted 
for all EIS spectra to ensure consistent fitting criteria and reliable 
quantitative comparison across samples with different filler loadings 
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and immersion durations. For coatings that maintain a single capacitive 
arc feature after long-term immersion, this apparent spectral charac
teristic originates from the highly suppressed interfacial corrosion pro
cess: the charge transfer resistance at the metal/coating interface 
remains at an extremely high level, such that the interfacial electro
chemical response is masked by the dominant coating bulk barrier 
response and cannot be fully resolved within the tested frequency range. 
Under this condition, the dual-time-constant model is mathematically 
compatible with single-time-constant systems-the fitting parameters 
automatically converge to a state where the interfacial time constant 
contributes negligibly to the total impedance, without introducing 
additional systematic errors.

The evolution of lg(Rc) and lg(Rct) with immersion time is visualized 
in Fig. 8(b) and (c), respectively. All fitted electrochemical parameters 
and the corresponding chi-squared (χ2) fitting errors are summarized in 
Table 2. All χ2 values are in the range of 1.2× 10− 4–8.5× 10− 4, indi
cating high reliability and good goodness of fit between the equivalent 
circuit model and experimental data.

The fitting results showed that the initial Rc and Rct of the neat WEP 
coating were only 1.04 × 105 Ω⋅cm2 and 7.89 × 105 Ω⋅cm2, respectively, 
and exhibited a continuous and sharp downward trend with increasing 
immersion time, dropping to 5.94 × 103 Ω⋅cm2 and 3.47 × 103 Ω⋅cm2 

after 240 h of immersion, with a decrease of more than 2 orders of 
magnitude. This result confirms that the neat waterborne epoxy coating 
contains a large number of inherent microporous defects after curing 
due to the volatilization of water and small molecules. Corrosive media 
can rapidly penetrate to the coating-metal interface through these 

defects at the early stage of immersion, triggering and continuously 
intensifying interfacial electrochemical reactions, which ultimately 
leads to the rapid attenuation of the coating's protective performance.

In sharp contrast, the initial Rc and Rct of the 20 wt% BTA- 
SiO₂@Al₂O₃ composite coating were as high as 1.02 × 1011 Ω⋅cm2 and 
1.01 × 108 Ω⋅cm2, respectively, representing an increase of nearly 6 and 
3 orders of magnitude compared with the neat WEP coating. This 
intuitively verifies that the introduction of composite fillers significantly 
enhances the initial physical barrier capability and interfacial protective 
effect of the coating. Although a small amount of interfacial defects 
caused a slightly faster decline rate of Rc and Rct than the ideal state, 
their values still remained at 8.09 × 105 Ω⋅cm2 and 6.43 × 106 Ω⋅cm2 

after 240 h of immersion, which were much higher than those of the neat 
WEP coating at the same time point. This indicates that even with minor 
structural inhomogeneity, the uniformly dispersed BTA-SiO₂@Al₂O₃ 
composite fillers can still significantly prolong the diffusion paths of 
corrosive media within the coating through the “labyrinth effect”. 
Meanwhile, BTA corrosion inhibitors adsorbed on the surface of the SiO₂ 
shell can be slowly released to the interface with the penetration of 
corrosive media, chelating with Fe ions dissolved from the substrate to 
form a dense passivation film, effectively inhibiting the progress of 
interfacial electrochemical reactions and thus greatly improving the 
long-term protective stability of the coating.

3.6.5. Potentiodynamic polarization curve analysis
Potentiodynamic (Tafel) polarization curves are the core method for 

quantitatively evaluating the kinetic behavior of metal corrosion. They 

Fig. 8. (a) Equivalent circuit model used for EIS data fitting; evolution of (b) lg(Rc) and (c) lg(Rct) for neat WEP and BTA-SiO₂@Al₂O₃-WEP-20 composite coatings 
during immersion in 3.5 wt% NaCl solution. Detailed fitted parameters are listed in Table 2.(*In this equivalent circuit: Rs represents the solution resistance of 3.5 wt 
% NaCl electrolyte; CPEc is the constant phase element used to describe the non-ideal capacitive behavior of the coating bulk, defined by the admittance constant Y0,c 

(unit: Ω− 1⋅cm− 2⋅snc ) and the dimensionless dispersion exponent nc; Rc reflects the total resistance of conductive channels formed by the penetration of corrosive 
media into the coating, directly characterizing the physical barrier capability of the coating; CPEd is the constant phase element corresponding to the electric double- 
layer capacitance at the coating-metal interface, with parameters Y0,d and nd;Rct represents the charge transfer resistance of interfacial electrochemical reactions, 
whose value is strictly inversely proportional to the corrosion rate of the metal substrate and serves as a core parameter for evaluating interfacial electrochemical 
corrosion kinetics.)

Table 2 
Fitted EIS parameters of neat WEP and BTA-SiO₂@Al₂O₃-WEP-20 coatings after different immersion times in 3.5 wt% NaCl solution.

Sample t/h Rs/Ω⋅cm2 Qc-Yo/S⋅cm− 2⋅sn Qc-n Rc/Ω⋅cm2 Qdl-Yo/S⋅cm− 2⋅sn Qdl-n Rct/Ω⋅cm2

Neat WEP

1 7.68 4.11 × 10− 9 7.81 × 10− 1 1.04 × 105 2.34 × 10− 4 8.20 × 10− 1 7.89 × 105

24 1.03 5.61 × 10− 7 5.85 × 10− 1 1.37 × 104 1.70 × 10− 4 7.62 × 10− 1 8.06 × 103

48 6.98 6.55 × 10− 7 5.74 × 10− 1 1.01 × 104 1.73 × 10− 4 7.72 × 10− 1 7.74 × 103

96 7.09 5.62 × 10− 7 5.89 × 10− 1 9.16 × 103 1.86 × 10− 4 7.95 × 10− 1 6.43 × 103

240 9.98 5.61 × 10− 7 5.94 × 10− 1 5.94 × 103 3.53 × 10− 4 7.78 × 10− 1 3.47 × 103

BTA-SiO2@Al2O3-WEP-20

1 1.49 3.14 × 10− 10 9.46 × 10− 1 1.02 × 1011 3.68 × 10− 10 9.23 × 10− 1 1.01 × 108

24 6.42 3.00 × 10− 10 9.45 × 10− 1 3.13 × 108 6.61 × 10− 10 7.29 × 10− 1 1.89 × 108

48 1.37 1.67 × 10− 10 1.00 × 100 7.72 × 107 4.98 × 10− 8 8.62 × 10− 1 5.09 × 107

96 2.70 4.04 × 10− 10 9.40 × 10− 1 1.98 × 107 3.02 × 10− 9 5.26 × 10− 1 1.08 × 107

240 2.09 7.15 × 10− 10 8.93 × 10− 1 8.09 × 105 2.27 × 10− 5 8.70 × 10− 1 8.43 × 106
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can directly obtain key electrochemical parameters such as corrosion 
potential (Ecorr) and corrosion current density (icorr), and accurately 
calculate the metal corrosion rate through Faraday's law, providing a 
direct quantitative basis for evaluating the protective performance of 
coatings [39]. To further verify the results of electrochemical impedance 
spectroscopy and salt spray tests, the potentiodynamic polarization 
behavior of the neat WEP coating and composite coatings with different 
BTA-SiO2@Al2O3 contents after immersion in 3.5 wt% NaCl solution for 
240 h was tested. The results are shown in Fig. 9, and the fitted elec
trochemical parameters and corrosion rates are presented in the corre
sponding table (Table S1).

The fitting results showed that with the gradual increase of BTA- 
SiO2@Al2O3 composite filler content from 5 wt% to 25 wt%, the 
corrosion potential of the composite coatings first shifted positively and 
then drifted negatively (indicating the corrosion tendency was weak
ened at first and then enhanced), and the corrosion current density 
decreased firstly and then increased, and the corrosion rate significantly 
dropped from 1.467 × 10− 4 mm/year to 9.786 × 10− 6 mm/year. 
Compared with the neat WEP coating (corrosion rate 2.257 × 10− 4 mm/ 
year), all composite coatings exhibited remarkably improved corrosion 
resistance. Among them, when the filler content was 20 wt%, the 
composite coating achieved the minimum corrosion current density and 
the lowest corrosion rate, demonstrating the optimal corrosion 
resistance.

This enhancement effect of corrosion resistance can be attributed to a 
dual synergistic mechanism: (1) The uniformly dispersed BTA- 
SiO2@Al2O3 composite fillers possess excellent physical barrier prop
erties, forming a continuous three-dimensional barrier network in the 
resin matrix, which significantly prolongs the diffusion path of corrosive 
media through the “labyrinth effect” and simultaneously inhibits the 
progress of cathodic and anodic electrochemical reactions; (2) The BTA 
corrosion inhibitor adsorbed on the surface of the composite micro
spheres can be slowly released with the penetration of corrosive media, 
and chelate with Fe2+/Fe3+ ions dissolved from the substrate to form a 
dense passivation film, effectively preventing the further development 
of corrosion.

3.6.6. Salt spray accelerated corrosion test
To further verify the reliability of the electrochemical test results and 

evaluate the practical protective performance of the coatings in a 
simulated marine atmospheric environment, a 240 h neutral salt spray 

accelerated corrosion test was conducted on the neat WEP coating and 
BTA-SiO2@Al2O3-WEP composite coatings with different filler loadings 
(test conditions: 5 wt% NaCl solution, pH = 6.5–7.2, chamber temper
ature 35 ± 2 ◦C, sedimentation rate 1–2 mL/(80 cm2⋅h)). The surface 
corrosion morphologies of different coatings after salt spray exposure 
are shown in Fig. S2.

After 240 h of salt spray exposure, the coatings exhibited signifi
cantly different degrees of corrosion damage. A large amount of 
yellowish-brown rust appeared in the scratch area of the neat water
borne epoxy (WEP) coating, and the corrosion products diffused 
extensively to both sides of the scratch, accompanied by obvious peeling 
between the coating and the substrate, indicating that the protective 
performance of the neat WEP coating had completely failed. With the 
increase of BTA-SiO2@Al2O3 composite filler loading from 5 wt% to 20 
wt%, the salt spray resistance of the coatings gradually improved: 
obvious accumulation of corrosion products was observed at the 
scratches of BTA-SiO2@Al2O3-WEP-5 and BTA-SiO2@Al2O3-WEP-10 
coatings, and the corrosion tended to diffuse to the surrounding matrix; 
the corrosion degree at the scratch of BTA-SiO2@Al2O3–15 coating was 
alleviated, but a small amount of rust was still visible. In contrast, the 
scratch area of the optimal BTA-SiO2@Al2O3-WEP-20 coating only 
presented a negligible amount of corrosion products after 240 h of salt 
spray exposure, with no obvious corrosion propagation observed, and 
the coating remained well bonded to the substrate without delamina
tion. When the filler loading was further increased to 25 wt%, the salt 
spray resistance of the coating decreased slightly, and the corrosion 
products at the scratch were more than those of the 20 wt% group, but 
still significantly better than those of the low-content groups and the 
neat WEP coating.

This macroscopic corrosion inhibition effect at the artificial scratch is 
highly consistent with the electrochemical test results and XPS interfa
cial analysis. The significantly suppressed corrosion demonstrates that 
BTA molecules released from the composite fillers have migrated to the 
exposed steel surface and formed a dense Fe-BTA chelate passivation 
film via coordination bonds, which effectively blocks the contact be
tween corrosive media (Cl− , O2, H2O) and the metal substrate and re
strains corrosion development at the defect. This active corrosion 
protection behavior effectively alleviates the protective degradation 
caused by coating damage and improves the long-term service reliability 
of the coating system.

It should be noted that the corrosion suppression at the scratch arises 
from the coupled effect of chemical inhibition and physical barrier. On 
one hand, BTA molecules released from the functional fillers adsorb onto 
the exposed metal surface to form a protective chelate film and inhibit 
the electrochemical corrosion process; on the other hand, accumulated 
corrosion products and scattered coating debris at the scratch defect act 
as a physical barrier to slow down further ingress of corrosive media.

The conventional 240 h salt spray test adopted in this work cannot 
quantitatively decouple the individual contributions of these two 
mechanisms. In the initial stage of scratch exposure, the active release of 
BTA inhibitor plays a dominant role in retarding corrosion initiation; 
with the extension of test time, the physical barrier effect of corrosion 
product deposition gradually becomes prominent. For this reason, the 
corrosion suppression behavior observed here is not strictly equivalent 
to the intrinsic self-healing performance of the coating, and is more 
accurately defined as a scratch corrosion inhibition effect driven by in
hibitor release.

3.6.7. XPS characterization of interfacial passivation film
To elucidate the interfacial corrosion inhibition mechanism of BTA 

and verify the bonding interaction between inhibitor molecules and the 
steel substrate, X-ray photoelectron spectroscopy (XPS) was performed 
on the exposed steel surface within the artificial scratch of the optimal 
BTA-SiO2@Al2O3-WEP-20 composite coating after 240 h neutral salt 
spray test. The survey and high-resolution spectra are presented in 
Fig. 10, where Fig. 10a shows the full survey spectrum and Fig. 10b-e 

Fig. 9. Potentiodynamic polarization curves of neat WEP and 
BTA–SiO₂@Al₂O₃-WEP composite coatings with different filler loadings after 
immersion in 3.5 wt% NaCl solution for 240 h.
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display the deconvoluted high-resolution spectra of C 1 s, Fe 2p, N 1 s, 
and O 1 s, respectively.

The survey spectrum clearly reveals four characteristic elements: C, 
O, Fe, and N. The detection of N signal is particularly significant, as 
pristine steel surfaces contain no nitrogen species, providing direct ev
idence for the successful adsorption of BTA molecules onto the substrate 
surface. For the C 1 s high-resolution spectrum, three deconvoluted 
peaks are observed. The dominant peak at 284.8 eV is assigned to C-C/C- 
H bonds originating from surface adventitious carbon and the benzene 
ring of BTA. The peak at 286.2 eV corresponds to C–N bonds in the 
triazole heterocycle of BTA, further confirming the chemical adsorption 
of BTA molecules. The weak peak at 288.5 eV is attributed to C–O 
bonds from surface-adsorbed oxygen-containing groups.

In the Fe 2p spectrum, characteristic peaks at 711.0 eV and 724.5 eV 
are assigned to Fe3+ species in Fe2O3, with the satellite peak at 719.5 eV 
corroborating the presence of iron oxides. Notably, no distinct peak 
corresponding to metallic Fe0 (707.0 eV) is detected, indicating that BTA 
effectively suppressed excessive oxidation of the steel substrate and 
formed a continuous protective layer at the interface [40].

The N 1 s spectrum is deconvoluted into two distinct peaks. The 
dominant peak at 400.1 eV is attributed to the neutral triazole nitrogen 
atoms (=N- and -NH-) in physically adsorbed free BTA molecules, which 
falls within the widely reported binding energy range of 399.5–400.5 eV 
for uncoordinated BTA species [41]. The weaker peak at 401.8 eV cor
responds to triazole N atoms participating in N → Fe coordination bonds. 
Compared with free BTA, this peak exhibits a positive shift of approxi
mately 1.7 eV, which arises from the transfer of lone-pair electrons from 
electron-rich triazole N atoms to the empty orbitals of dissolved Fe2+/ 
Fe3+ ions. The reduced electron cloud density around the N atoms leads 
to an increase in the core-level binding energy. This binding energy shift 
and assignment are in good agreement with previous studies on BTA 
chemisorption on carbon steel surfaces [40,42].

This result demonstrates that BTA molecules are not only physically 
adsorbed on the steel surface, but also form stable coordination com
plexes with iron ions via triazole N active sites. The formed dense and 
insoluble Fe-BTA chelate passivation film effectively blocks corrosive 
media from contacting the metal substrate and inhibits the interfacial 
electrochemical corrosion reactions.

The O 1 s spectrum is resolved into two peaks: the peak at 530.2 eV is 
assigned to lattice oxygen in Fe2O3, while the peak at 531.8 eV corre
sponds to surface-adsorbed oxygen and hydroxyl groups. These results 

collectively indicate that the interfacial protective layer is a composite 
film consisting of inorganic iron oxides and organic Fe-BTA chelates.

The above XPS analysis results provide direct experimental evidence 
for the interfacial action mechanism of BTA corrosion inhibitor, which is 
highly consistent with the results of electrochemical impedance spec
troscopy, potentiodynamic polarization curves, and salt spray tests 
presented earlier. This further confirms the dual synergistic protective 
effect of “physical barrier + corrosion inhibitor release” of the BTA- 
SiO2@Al2O3 composite filler.

4. Conclusion

In this work, BTA-SiO2@Al2O3 core-shell structured microspheres 
were successfully synthesized and incorporated into waterborne epoxy 
(WEP) matrix to fabricate environmentally friendly anticorrosion coat
ings with integrated physical barrier and active corrosion inhibition 
functions. The as-prepared composite fillers exhibited homogeneous 
dispersion in the WEP matrix due to the strong hydrogen bonding in
teractions between the silanol groups on the SiO2 shell and the epoxy 
resin, which effectively improved the interfacial compatibility and 
prevented the formation of diffusion pathways for corrosive media. The 
incorporation of BTA-SiO2@Al2O3 fillers markedly improved the ther
mal stability and glass transition temperature (Tg) of the WEP coatings, 
with the Tg increasing from 29.59 ◦C to 37.9 ◦C and the initial decom
position temperature elevated by 101.79 ◦C at 25 wt% filler loading. The 
corrosion resistance of the composite coatings showed a volcano-type 
dependence on the filler loading, with the optimal performance ach
ieved at 20 wt% filler content, which possessed a corrosion rate 
approximately two orders of magnitude lower than that of neat WEP 
coating and maintained an impedance modulus above 108 Ω⋅cm2 after 
240 h of immersion in 3.5 wt% NaCl solution. The 240 h neutral salt 
spray test further demonstrated that the 20 wt% composite coating 
could effectively inhibit corrosion propagation at the artificial scratch, 
showing favorable active protection effect at coating defects, indicating 
that the composite coating can effectively inhibit corrosion propagation 
at the artificial scratch. Mechanistically, the superior anticorrosion 
performance was ascribed to the dual synergistic protection mechanism: 
the uniformly dispersed core-shell fillers formed a three-dimensional 
labyrinth network to significantly prolong the diffusion path of corro
sive media, while the BTA corrosion inhibitor released from the fillers 
could chelate with Fe2+/Fe3+ ions to form a dense passivation film on 

Fig. 10. XPS spectra of the exposed steel substrate surface in the artificial scratch area of BTA–SiO₂@Al₂O₃-WEP-20 composite coating after salt spray accelerated 
corrosion test (a) XPS survey spectrum; (b) High-resolution C 1 s spectrum; (c) High-resolution Fe 2p spectrum; (d) High-resolution N 1 s spectrum; (e) High- 
resolution O 1 s spectrum.
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the steel substrate surface, as confirmed by XPS analysis. Overall, this 
study demonstrates that the BTA-SiO2@Al2O3 core-shell composite filler 
is a promising candidate for reinforcing WEP coatings, and the proposed 
dual synergistic protection strategy provides a facile and effective 
approach for the development of high-performance environmentally 
friendly anticorrosion coatings, with future investigations focusing on 
optimizing the BTA loading capacity and release kinetics to further 
enhance the long-term active corrosion protection performance.

The enhancements in thermal stability, mechanical properties and 
anticorrosion performance are intrinsically correlated, sharing a com
mon microscopic origin from the core-shell structured filler modifica
tion. The dense hydrogen-bonding network constructed at the filler- 
resin interface restricts the thermal motion of epoxy molecular chains, 
which simultaneously elevates the glass transition temperature, im
proves coating hardness and reduces the free volume inside the coating 
matrix. The improved mechanical strength and abrasion resistance help 
maintain the structural integrity of the coating during service and avoid 
premature surface defects and microcracks, which in turn prevents 
corrosive media from penetrating rapidly through damage sites. 
Furthermore, the densified coating structure not only blocks the pene
tration of corrosive media and prolongs their diffusion paths, but also 
reinforces the thermal and mechanical reliability of the whole coating 
system. This synergistic enhancement of multiple properties endows the 
composite coating with better comprehensive service performance than 
single-function modified coatings.
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