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ABSTRACT: Epoxy resins are extensively employed in the construction, electronics, automotive, and aerospace
industries owing to their outstanding mechanical strength, chemical resistance, and electrical insulation. However, their
intrinsic flammability, poor wear resistance, and hydrophilicity significantly restrict broader applications. To address
these challenges, a novel multifunctional coating (CEOS-DOPO-PDMS) has been designed and fabricated via an NP-
GLIDE approach. The system integrates 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) as a reactive
phosphorus-based flame retardant, epoxy-terminated polydimethylsiloxane (EP-PDMS) as a hydrophobic segment,
and cycloaliphatic epoxy-functionalized oligosiloxanes (CEOS) as a cross-linking co-reactant. The resulting CEOS-
DOPO-PDMS hybrid precursor was blended with bisphenol A diglycidyl ether (DGEBA) in N-methyl-2-pyrrolidone
(NMP) and subsequently cured to form epoxy-based NP-GLIDE coatings. The optimized coating exhibits superior
integrated performance, including high hydrophobicity (water contact angle up to 109.6○), outstanding abrasion
resistance (5H pencil hardness), and excellent flame retardancy (resisting combustion at 500○C for 30 s). These
enhancements originate from the cooperative effects of the Si-O-Si framework, low-surface-energy PDMS chains, and
phosphorus-containing DOPO moieties, which together provide stable thermal protection, surface roughness-induced
hydrophobicity, and durable mechanical integrity. An effective strategy for constructing multifunctional epoxy-based
coatings with simultaneously enhanced flame retardancy, wear resistance, and water repellency is presented. The CEOS-
DOPO-PDMS system holds great promise for advanced protective applications in construction, transportation, and
aerospace engineering.
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1 Introduction
Epoxy resin is an essential class of thermosetting polymers characterized by excellent mechanical

strength, strong adhesion, chemical resistance, and electrical insulation properties [1]. Owing to these ver-
satile properties, epoxy resins are extensively used in high-performance applications such as coatings [2,3],
adhesives [4,5], electronic encapsulation [6,7], and structural composites [8–10]. The growing demand for
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durable and multifunctional materials in industrial and technological sectors has accelerated the develop-
ment of epoxy-based systems. However, pristine epoxy resins are inherently flammable, hydrophilic, and
prone to wear damage, which greatly limits their long-term stability and application in harsh environments.
Therefore, improving the flame retardancy, hydrophobicity, and abrasion resistance of epoxy resins has
become an urgent focus [11,12].

Among various modification strategies, the incorporation of flame retardants has proven to be an
effective approach to reduce the flammability of epoxy systems [13]. Compared to halogen-containing com-
pounds, phosphorus-based flame retardants have gained considerable attention owing to their high efficiency
and environmental compatibility [14,15]. In particular, 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide (DOPO) and its derivatives have demonstrated remarkable potential in enhancing the flame resistance
of epoxy networks due to their high reactivity and good thermal stability [16,17]. During the thermal
degradation of the polymer matrix, DOPO releases PO radicals, some of which escape reaction with
matrix components and enter the gas phase, where they efficiently scavenge combustion-propagating
radicals [18,19]. It should be clearly stated that only DOPO derivatives incorporating molecular structures
active in the condensed phase, or those that alter DOPO’s mode of action, can enable protective layer
formation during combustion. Given these considerations, combining DOPO with siloxanes has proven to
be an effective strategy for enhancing flame retardancy through synergistic action, as supported by numerous
studies [20,21]. Specifically, during combustion, siloxanes decompose to form a dense silica-based protective
layer covering the material surface, blocking the transfer of heat and combustible gases. Meanwhile,
DOPO releases PO radicals in the gas phase to eliminate active radicals, suppressing the combustion
chain reaction. This dual-mode synergy (gas-phase radical eliminating combined with condensed-phase
barrier formation) not only improves flame retardant efficiency but also enhances char layer quality,
thereby overcoming the limitations of DOPO alone. DOPO units have been successfully introduced into
epoxy systems through chemical grafting or reactive curing, achieving significant improvements in flame
retardancy and thermal stability [22,23]. Nevertheless, these DOPO-modified epoxy resins often suffer from
insufficient hydrophobicity and poor wear resistance, which continue to hinder their practical application as
protective coatings.

The NP-GLIDE (Nanoparticle Surface Functionalization) technology provides an innovative solution
for fabricating durable hydrophobic coatings [24,25]. This approach incorporates polydimethylsiloxane
(PDMS)-based modifiers into polymer matrices, leading the formation of surface-enriched low-energy
domains that enhance water repellency and abrasion resistance without compromising bulk mechanical
properties [26]. PDMS-functionalized coatings exhibit superior water- and oil-repellency, transparency, and
durability [27–29]. When applied to epoxy resins [30,31], NP-GLIDE technology can effectively reduce
surface hydrophilicity and mechanical degradation caused by environmental exposure. This approach thus
provides a promising platform for multifunctional coating design.

Building upon these concepts, a new design strategy that integrates flame retardancy, hydrophobicity,
and mechanical robustness within a single epoxy-based NP-GLIDE coating system has been developed. A
hybrid precursor was synthesized by combining DOPO as a reactive phosphorus-containing flame retardant,
epoxy-terminated PDMS (EP-PDMS) as a hydrophobic segment, and cycloaliphatic epoxy-functionalized
oligosiloxanes (CEOS) as a co-crosslinking agent [32]. The resulting CEOS-DOPO-PDMS hybrid was
incorporated into bisphenol A diglycidyl ether (DGEBA) to form a multifunctional coating with good
performance characteristics.

The synthesis, structure, and comprehensive properties of the CEOS-DOPO-PDMS-modified epoxy
NP-GLIDE coating (Fig. 1) have been investigated. Through detailed characterization including FTIR anal-
ysis, surface morphology observation, hydrophobicity testing, abrasion evaluation, and flame-retardancy
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assessment, the relationships between composition, microstructure, and macroscopic performance have
been clarified. This study provides new insights into the molecular design of multifunctional epoxy coatings
and offers a feasible pathway toward next-generation protective materials for applications in construction,
electronics, and aerospace engineering.

Figure 1: (a) Synthesis route of DOPO–NH2, (b) one possible epoxy-amine addition route for the formation of DOPO-
g-PDMS, (c) one possible reaction route for the formation of CEOS-DOPO-PDMS, (d) schematic illustration of
preparation procedure of the epoxy-based NP-GLIDE coatings.

2 Materials and Methods

2.1 Materials
9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO, 97%) and [2-(3,4-epoxycyclohexyl)

ethyl]trimethoxysilane (ECTS, 99%) were purchased from Shanghai Macklin Biochemical Technology Co.,
Ltd. Bisphenol A diglycidyl ether (DGEBA, 85 wt%, epoxy equivalent weight, EEW = 188 ± 2 g⋅eq−1) and
4,4′-diaminobenzophenone (DABP, 99%) were obtained from Shanghai Macklin Biochemical Technology
Co., Ltd. and Shanghai Bide Pharmaceutical Technology Co., Ltd., respectively. Toluene, chloroform,
tetrahydrofuran (THF), methanol, ethyl acetate, acetonitrile, and N-methyl-2-pyrrolidone (NMP, 99%) were
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of analytical grade and supplied by Shanghai Aladdin Biochemical Technology Co., Ltd. Epoxy-terminated
polydimethylsiloxane (EP-PDMS, 99 wt%, number-average molecular weight, Mn ≈ 5000 g⋅mol−1, average
siloxane chain length ≈ 70 repeat units) and polyetheramine Jeffamine D230 (Mn ≈ 230 g⋅mol−1, amine
hydrogen equivalent weight, AHEW = 60 ± 1 g⋅eq−1) were purchased from Shanghai Sigma-Aldrich
Trading Co., Ltd. Aqueous ammonia (NH3⋅H2O, 25%) and sodium hydroxide (NaOH) were obtained from
Sinopharm Chemical Reagent Co., Ltd. All reagents were used as received without further purification.

2.2 Synthesis of Functional Precursors
2.2.1 Preparation of DOPO-NH2

Following the procedures reported by Wu and Wang et al. [33,34], DOPO–NH2 was synthesized via a
condensation reaction between DOPO and DABP. DOPO (6.49 g, 0.03 mol) and DABP (1.06 g, 0.005 mol)
were added into a three-neck flask under nitrogen protection and heated to 180○C for 4 h. The solid
gradually melted into a viscous liquid. After cooling to 110○C, toluene (10 mL) was added dropwise to
induce precipitation. The crude product was filtered, washed with THF and methanol (10 mL each), and
vacuum-dried at 60○C to obtain a white solid (DOPO–NH2) (Fig. 1a).

2.2.2 Grafting of DOPO onto PDMS (DOPO-g-PDMS)
DOPO-NH2 (1.0 g) and EP-PDMS (1.2 g) were dissolved in chloroform (10 mL), followed by addition of

triethylamine (2 mL) as a catalyst [30]. The mixture was transferred to a Schlenk flask, purged with nitrogen,
and heated at 60○C for 48 h under stirring. After the reaction, the solvent and triethylamine were removed
by rotary evaporation under reduced pressure, and the residue was vacuum-dried at 60○C for 4 h to yield
DOPO-g-PDMS as a white solid (Fig. 1b). As illustrated in Fig. 1b, the structure is proposed as one plausible
and likely predominant grafting outcome rather than a uniquely defined molecular structure. Considering
the excess of DOPO-NH2 and the limited number of reactive sites on PDMS, extensive crosslinking is
unlikely, and mono-grafted species are expected to dominate.

2.2.3 Synthesis of Cycloaliphatic Epoxy-Functionalized Oligosiloxane (CEOS)
CEOS was synthesized via a sol–gel condensation route [35]. ECTS (4.0 g, 8.1 mmol), aqueous ammonia

(0.44 mL, 2.0 mol⋅L−1), and NaOH solution (10 μL, 1.0 mol⋅L−1) were mixed in a round-bottom flask and
stirred at 80○C for 4 h. After the reaction, methanol was removed by rotary evaporation to obtain a light-
yellow viscous liquid corresponding to CEOS.

2.2.4 Fabrication of CEOS-DOPO-PDMS Hybrid Precursor
To prepare the hybrid precursor [36], CEOS (1.0 g), ethyl acetate (2 mL), and DOPO-g-PDMS (55 mg)

were introduced into a three-neck flask. The mixture was refluxed at 85○C for 1.5 h under nitrogen. After
cooling to room temperature, the product was precipitated in acetonitrile (14 mL) and centrifuged at
6000 rpm for 10 min. The resulting solid was dried to yield the CEOS-DOPO-PDMS hybrid precursor
(Fig. 1c).

2.3 Preparation of Epoxy-Based NP-GLIDE Coatings
The epoxy-based NP-GLIDE coatings were prepared using a cast-coating technique on clean glass

substrates (50 mm × 50 mm, area: 25 cm2). For each formulation, CEOS-DOPO-PDMS (0, 5, or 20 mg) was
first dispersed in N-methyl-2-pyrrolidone (NMP, 5 mL), followed by the addition of DGEBA (100 mg) and
Jeffamine D230 (38 mg) [37,38]. After thorough stirring to obtain a uniform mixture, the suspensions were
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cast onto the substrates and cured at 150○C for 2.5 h (Fig. 1d), yielding samples I (0 mg), II (5 mg), and III
(20 mg). During curing, NMP was completely evaporated, therefore, the final film thickness was determined
solely by the solid mass in each formulation, consisting of DGEBA (100 mg), Jeffamine D230 (38 mg), and
CEOS-DOPO-PDMS (0, 5, or 20 mg), corresponding to a total solid content of 138–158 mg. Using the typical
density of cured epoxy (~1.2 g⋅cm−3), the theoretical thickness h was estimated according to:

h = m
Aρ

where m is the mass of the cured solid (mg), A is the coating area (25 cm2), and ρ is the density of the cured
epoxy network (~1.2 g⋅cm−3). Substituting the above values yields an estimated thickness of approximately
46–53 μm. Since the casting volume and total solid loading were held constant for all formulations, the
coating thickness is expected to remain uniform across samples I–III.

2.4 Characterization
2.4.1 FT-IR Analysis

Fourier transform infrared (FT-IR) spectra were recorded on a PerkinElmer Spectrum 400 spectrometer
in the range of 4000–450 cm−1 with a resolution of 4 cm−1. Samples were prepared as KBr pellets by
thoroughly mixing the powdered materials with spectroscopic-grade KBr.

2.4.2 Surface Morphology and Hydrophobicity Evaluation
Surface topography of the coatings was observed under an optical microscope (TH4-200) at 60× and

100× magnifications. Water contact angles were measured using a Krüss DSA-100S contact angle analyzer.
Each coating was tested in triplicate, and the mean value was reported to evaluate surface hydrophobicity.

Density functional theory calculations were performed using Gaussian 16 [39]. All compound molecules
were structurally optimized using the B3LYP functional [40,41], with the standard 6-311++G(d,p) basis
set [42,43] applied to all atoms.

2.4.3 Abrasion Resistance Testing
Wear resistance was evaluated via pencil hardness and steel-wool abrasion tests. Pencils ranging from 1H

to 6H were used to scratch the coating surfaces under consistent force, followed by microscopic examination
(20×). Additional testing involved repeatedly rubbing with cotton swabs and steel wool pads for varying
numbers of times. The degree of visible damage was used to compare abrasion resistance among samples. The
scratch resistance of the NP-GLIDE coatings was evaluated according to the ASTM D3363 pencil hardness
test. Pencils with hardness grades from H to 6H were sharpened and conditioned to obtain smooth, flat
circular lead tips. Each pencil was mounted on an Elcometer 501 Hardness Tester, which positioned the pencil
at a 45○ angle and applied a constant downward force of 7.5 N. Beginning with the hardest pencil (6H), the
tester was pushed forward across the coating surface. When a visible scratch or wear trace was observed,
the test was repeated with the next softer pencil. This procedure continued until a pencil grade produced
no visible mark. The scratch resistance was defined as the highest pencil hardness that did not damage the
coating surface.

Abrasion resistance against cotton swabs and steel wool was measured using a Taber Abrasion Tester
following the ASTM D4060 standard. The coated samples were fixed on a horizontal platform, and the
abrasive media were installed in the test arms to ensure uniform surface contact. Cotton swab abrasion tests
were performed for 10 rubbing cycles under a vertical load of 100 g. Steel wool abrasion tests were conducted
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for 10 and 50 rubbing cycles under a vertical load of 500 g. After testing, the coatings were evaluated based
on the degree of surface wear, including gloss reduction, visible scratching, and material loss.

2.4.4 Combustion Behavior Analysis
Combustion behavior was examined using a butane torch positioned 15 cm from the surface of the

coating (with a thickness of approximately 46–53 μm) for 30 s. The surface morphology and temperature
evolution during combustion were monitored using a Uti32 infrared thermal imager (Uni-Trend Technology
Co., Ltd., China). The extent of carbonization and residual char morphology were analyzed to assess flame-
retardant efficiency.

3 Results and Discussion

3.1 FT-IR Analysis of Synthesized Precursors and Epoxy-Based NP-GLIDE Coatings
Fourier transform infrared (FT-IR) spectroscopy was employed to verify the successful synthesis of the

functional intermediates and to confirm the structural evolution during coating formation. Fig. 2a–c presents
the FT-IR spectra of DOPO–NH2, CEOS–DOPO-PDMS, and the final epoxy-based NP-GLIDE coating,
together with their corresponding raw materials.

Figure 2: (Continued)
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Figure 2: (a) Infrared spectrum of DOPO-NH2, (b) Infrared spectrum of CEOS-DOPO-PDMS, (c) Infrared spectrum
of Epoxy-Based NP-GLIDE Coatings.

3.1.1 Structural Verification of DOPO–NH2

As shown in Fig. 2a, the pristine DOPO exhibits a characteristic P–H stretching vibration at 2390 cm−1.
The band corresponding to P–H vibrations decreases significantly in intensity after reaction with 4,4′-
diaminobenzophenone (DABP), indicating the consumption of a large fraction of P–H bonds in DOPO and
the formation of P–N linkages in DOPO–NH2. Concurrently, a broad and intense N–H stretching vibration
appears near 3400 cm−1, accompanied by enhanced aromatic C=C absorptions in the 1600–1500 cm−1 region.
Notably, no characteristic absorption peak of the C=O group (derived from DABP) is detected in the product.
These spectral changes together strongly confirm the successful synthesis of the amino-functionalized
DOPO–NH2, and imply that any unreacted DOPO or DABP, if present, is in negligible amounts.

3.1.2 Formation of CEOS–DOPO-PDMS Hybrid Precursor
The FT-IR spectrum of CEOS–DOPO-PDMS (Fig. 2b) reveals distinct characteristic absorptions from

both siloxane and phosphorus-containing moieties, demonstrating the successful integration of the PDMS
and DOPO segments into the CEOS framework. The stretching vibration of –CH3 groups from PDMS is
clearly observed at 2970 cm−1, while Si–O–Si asymmetric stretching appears at approximately 1100 cm−1.
The amino-related N–H band near 3400 cm−1 observed in DOPO–NH2 markedly decreases in intensity and
broadens in CEOS–DOPO-PDMS, confirming the consumption of amino groups during the condensation
reaction with CEOS. Furthermore, compared with CEOS, the CEOS–DOPO-PDMS spectrum exhibits a
clear reduction in the epoxy-ring absorption band at ~910 cm−1, together with a slight increase in the
–OH-related bands near 1200 cm−1. These changes are consistent with partial epoxy ring-opening during
the condensation process, accompanied by the formation of hydroxyl groups. Because the characteristic
absorptions of Si–O–Si dominate the region of 1000–1130 cm−1 and strongly overlap with signals from
any possible ring-opened intermediates, the spectra do not allow specific identification of individual newly
formed Si-containing linkages. Nevertheless, the observed decrease in epoxy content and the intensified
Si–O–Si envelope collectively indicate that progressive condensation and network development occurred
during the conversion from CEOS to CEOS–DOPO-PDMS.

These spectroscopic evolutions validate the formation of a chemically bonded hybrid structure contain-
ing phosphorus, silicon, and PDMS segments, which is essential for imparting flame retardancy, flexibility,
and hydrophobicity to the final coating. The FT-IR spectral evolution provides supportive evidence for
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the occurrence of the grafting reaction, although the exact substitution pattern cannot be unambiguously
determined based on FT-IR analysis alone.

3.1.3 Structural Characteristics of Epoxy-Based NP-GLIDE Coatings
The FT-IR spectrum of the cured epoxy-based NP-GLIDE coating shows prominent absorptions at

2970 cm−1 (–CH3 stretching) and 1100 cm−1 (Si–O–Si stretching), together with a broad band near 3400 cm−1

attributed to residual hydroxyl and N–H groups formed during curing (Fig. 2c). The disappearance of the
characteristic epoxy ring band at 910 cm−1 and the appearance of new C–O–C stretching peaks around
1250 cm−1 indicate complete cross-linking between DGEBA and Jeffamine D230. Moreover, the persistence
of Si–O–Si and –CH3 vibrations confirms that the low-surface-energy PDMS segments are retained on the
coating surface, contributing to hydrophobicity and lubricity.

Overall, the FT-IR results provide clear spectral evidence of successful stepwise synthesis from DOPO-
functionalization to siloxane hybridization and epoxy network formation. The coexistence of P–O, Si–O–Si,
and C–O–C structures within the final coating verifies the molecular integration of flame-retardant, siloxane,
and hydrophobic components. This hybridized architecture forms the chemical basis for the superior
thermal stability, surface hydrophobicity, and mechanical robustness of the CEOS-DOPO-PDMS-modified
NP-GLIDE epoxy coatings.

3.2 Surface Morphology and Performance Analysis
3.2.1 Surface Morphology Observation

The surface morphologies of epoxy-based NP-GLIDE coatings with different CEOS–DOPO–PDMS
contents were examined under optical microscopy at magnifications of 60× and 100×, as shown in Fig. 3.
The unmodified epoxy coating (CEOS–DOPO–PDMS:DGEBA = 0:100) exhibited a relatively smooth and
dense surface, typical of conventional cross-linked epoxy networks (Fig. 3a,b). In contrast, the coatings
containing CEOS–DOPO–PDMS displayed markedly rougher surfaces with micro-scale protrusions and
uneven topography (Fig. 3c–f). This surface evolution can be attributed to the incorporation of PDMS
segments, which migrate toward the air–polymer interface during curing due to their low surface energy.
Additionally, the volatilization of NMP solvent induces micro-phase separation and localized void formation,
further enhancing surface roughness. Such hierarchical structures are beneficial for forming air-trapping
microtextures that enhance hydrophobicity and abrasion resistance.

3.2.2 Hydrophobicity Evaluation
Water contact angle measurements were conducted to quantify the surface wettability of coatings with

varying CEOS–DOPO–PDMS content (Fig. 4). The unmodified epoxy coating exhibited contact angles
of 39.7○–64.5○, confirming its hydrophilic nature. In contrast, coatings containing CEOS–DOPO–PDMS
exhibited significantly increased contact angles, reaching 107.8○–109.6○ for the 5:100 and 105.1○–109.4○ for
the 20:100 formulations. The nearly constant high contact angles across both compositions suggest that once
a sufficient concentration of PDMS segments is present, the surface becomes saturated with low-surface-
energy Si–CH3 groups, producing stable hydrophobic behavior independent of additional loading [44,45].
The enhanced hydrophobicity is primarily attributed to two synergistic factors: (i) enrichment of PDMS
chains at the surface, and (ii) increased micro/nano roughness generated by solvent-induced phase separa-
tion. The formation of a Cassie–Baxter wetting regime enables water droplets to rest on trapped air pockets,
explaining the pronounced water repellency observed.
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Figure 3: Optical microscopy images of epoxy-based NP-GLIDE coatings containing three different CEOS-DOPO-
PDMS ratios at varying magnifications, (a,c,d) coatings with CEOS-DOPO-PDMS to DGEBA mass ratios of 0:100,
5:100, and 20:100, respectively, observed under 100×magnification, (b,e,f) corresponding coatings observed under 60×
magnification for the same respective ratios.

Figure 4: (a–c) The contact-angle images of coatings with CEOS-DOPO-PDMS:DGEBA mass ratios of 0:100, 5:100,
and 20:100, and (d) contact angle measurements of coating combinations with varying compositions.

Density functional theory (DFT) calculations were carried out for the DOPO-NH2-PDMS structure
to obtain its optimized geometry and vibrational frequencies. The calculations were performed using
GaussView with the DFT-B3LYP method and the 6-31G+++ basis set. Electrostatic potential surface (EPS)
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analyses were subsequently conducted. Fig. 5a,b shows the minimum-energy structures of DOPO-NH2-
PDMS and H2O, respectively, while Fig. 5c,d presents their corresponding EPS maps. In these maps, red
regions represent electron-rich areas, whereas blue regions indicate electron-deficient regions.

Figure 5: (a) Optimized minimum-energy geometry of the DOPO-PDMS structure, (b) Optimized minimum-energy
geometry of the H2O molecule, (c) Electrostatic potential (ESP) map of DOPO-PDMS, (d) Electrostatic potential (ESP)
map of H2O.

For DOPO-NH2-PDMS, the PDMS segment shows no apparent electron-rich or electron-deficient
regions along the chain. In contrast, the EPS of H2O displays a clear electron-rich region around the oxygen
atom and electron-deficient regions near the hydrogen atoms. Such complementary charge distributions
typically promote attractive interactions between molecular fragments. Because the PDMS backbone lacks
distinct electron-donating or electron-withdrawing regions, there is essentially no electrostatic driving force
for H2O molecules to interact with it. This absence of favorable interactions helps explain the pronounced
hydrophobic behavior of the PDMS-containing structure.
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The mechanical durability of the coatings was evaluated using pencil hardness and steel-wool abrasion
tests (Figs. 6 and 7). As a qualitative study, this experiment assessed the wear resistance by comparing
the abrasion degree between the unmodified and modified epoxy coatings under the same conditions,
with evaluation criteria including the damaged area and depth. The unmodified epoxy coating could
only withstand scratches below 1H hardness without obvious marks, while visible scratches and surface
failure (damage reaching the substrate) occurred under higher loads. Incorporation of CEOS–DOPO–
PDMS significantly enhanced surface damage resistance: the 5:100 sample could resist scratches up to 2H
hardness, whereas the 20:100 coating endured loads up to 5H without visible structural damage (damage
remained on the coating surface). After repeated rubbing with steel wool (50 cycles), the unmodified epoxy
surface exhibited severe abrasion and loss of gloss (damage reaching the substrate), while the 20:100 NP-
GLIDE coating only showed minor surface spots (slight damage on the coating surface) with the overall
structure intact.

Figure 6: Pencil hardness test results of epoxy-based NP-GLIDE coatings with varying CEOS-DOPO-PDMS content,
(a–d) the blank, 1H, 3H, and 5H test results for the conventional epoxy coating, (e–h) the blank, 1H, 3H, and 5H
test results for the CEOS-DOPO-PDMS:DGEBA = 5:100 coating, (i–l) the blank, 1H, 3H, and 5H test results for the
CEOS-DOPO-PDMS:DGEBA = 20:100 coating.

This enhancement can be ascribed to the formation of a unique organic–inorganic hybrid network
during curing, which combines the elasticity of PDMS with the rigidity of CEOS domains. Network density
(or crosslink density), conventionally defined as the number of effective chemical crosslinking points per
unit volume in thermosetting polymers [46], is a critical parameter influencing mechanical performance and
abrasion resistance [47,48]. It should be noted that the stoichiometric ratio of epoxy resin (DGEBA) to curing
agent (Jeffamine D230) was kept constant across all formulations in this study. This experimental design
was intended to ensure that the chemical crosslink density of the main network formed by the fundamental
epoxy-amine reaction remained essentially consistent, thus allowing performance differences to be more
clearly attributed to the unique structural effects induced by the additive. As indicated by the experimental
results, the coating with a CEOS-DOPO-PDMS:DGEBA mass ratio of 20:100 exhibits significantly superior
abrasion resistance compared to the coating with a ratio of 5:100. This phenomenon is primarily attributed
to the formation of a more developed and continuous nano-scale hybrid reinforcement network at higher
additive dosages, which enhances stress distribution, interfacial adhesion, and resistance to mechanical
wear, rather than increasing the chemical crosslink density of the epoxy matrix. Based on this, it can be
preliminarily inferred that within the scope of this experimental system, the improvement in the coating’s
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abrasion resistance is driven by the enhanced physical reinforcement effect of the hybrid structure rather than
a simple linear increase in chemical crosslink density. It is noteworthy that PDMS enhances the adhesion of
the coating [49,50], so the influence of the adhesion strength between the coating and the substrate on the
experimental results can be neglected. The flexible PDMS chains dissipate external stress, while the inorganic
Si–O–Si backbone contributes to high hardness and wear resistance. Furthermore, the dense hybrid interface
between CEOS-DOPO-PDMS and the epoxy matrix effectively suppresses crack propagation, leading to
improved toughness and mechanical durability.

Figure 7: Steel wool abrasion resistance test results of epoxy-based NP-GLIDE coatings with varying CEOS-DOPO-
PDMS content (a–d) the blank, 10-swab abrasion, 10-wire-wool abrasion, and 50-wire-wool abrasion test results for the
conventional epoxy coating, (e–h) the blank, 10-swab abrasion, 10-wire-wool abrasion, and 50-wire-wool abrasion test
results for the CEOS-DOPO-PDMS:DGEBA = 5:100 coating, (i–l) the blank, 10-swab abrasion, 10-wire-wool abrasion,
and 50-wire-wool abrasion test results for the CEOS-DOPO-PDMS:DGEBA = 20:100 coating.

3.2.3 Combustion Behavior Evaluation
Combustion behavior was conducted using a butane torch as the flame-generating device to evaluate

the high-temperature combustion resistance of epoxy-based NP-GLIDE coatings with different CEOS–
DOPO–PDMS loadings. First, the samples were pretreated to ensure the coating was uniformly applied
onto glass substrates with a consistent coating amount on each substrate, after complete curing, the samples
were fixed on a horizontal test bench to ensure no wrinkles or damage on the coating surface during the
test. Subsequently, the flame temperature of the butane torch was adjusted to approximately 500○C, and
the torch was fixed using a bracket to maintain a vertical distance of 15 cm between the flame nozzle
and the coating surface, ensuring uniform flame exposure on the coating. After igniting the torch, the
coating was subjected to targeted combustion for 30 consecutive sec, during combustion, a Uti32 infrared
thermal imager (Uni-Trend Technology Co., Ltd., China) was used to real-time record the temperature
change curve and dynamic surface morphology evolution of the coating, capturing key phenomena such as
melting and carbonization of the coating under flame action. After combustion, the samples were cooled
to room temperature, and the flame retardant efficiency was evaluated by combining visual observation
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and microscopic characterization to analyze the carbonization degree of the coating (e.g., carbonization
area ratio, carbon layer thickness) and the morphology of residual char (e.g., compactness, pore structure,
bonding state with the substrate), thereby determining the differences in flame retardant performance
among coatings with different loadings. The relevant test results are shown in Fig. 8. The infrared thermal
image in Fig. 8a records a maximum surface temperature of about 506.2○C during testing, confirming
the uniformity of the combustion environment. The pre-combustion appearances of the three coatings,
conventional epoxy (0:100), CEOS–DOPO–PDMS:DGEBA = 5:100, and 20:100, are presented in Fig. 8b–d,
while their corresponding post-combustion states are shown in Fig. 8e–g, respectively.

Figure 8: (a) Infrared thermal image, (b–d) the pre-combustion images of the conventional epoxy coating, the CEOS-
DOPO-PDMS:DGEBA = 5:100 coating, and the CEOS-DOPO-PDMS:DGEBA = 20:100 coating, respectively, (e–g) the
post-combustion images of the conventional epoxy coating, the CEOS-DOPO-PDMS:DGEBA = 5:100 coating, and the
CEOS-DOPO-PDMS:DGEBA = 20:100 coating, respectively.

The conventional epoxy coating (Fig. 8b,e) was almost completely consumed after flame exposure,
leaving no coherent residue and displaying extensive charring and material loss, which clearly demonstrates
its poor flame resistance. The 5:100 NP-GLIDE coating (Fig. 8c,f) exhibited delayed ignition compared with
the control, but most of the coating surface was still degraded after 30 s of combustion. The incomplete
residue and irregular surface morphology indicate that the relatively low loading of the flame-retardant
hybrid precursor was insufficient to generate a continuous, thermally stable protective layer. In contrast,
the 20:100 NP-GLIDE coating (Fig. 8d,g) formed a dense, black, and porous char layer that adhered firmly
to the substrate and maintained structural integrity even after prolonged heating. This char morphology
reflects the formation of an efficient condensed-phase barrier: phosphorus-containing species derived from
DOPO facilitate dehydration while quenching gas-phase radicals, and the CEOS-derived Si–O–Si network
reinforces the char, enhancing its cohesion and thermal insulation [51,52].

Overall, Fig. 8a–g clearly illustrates the trend that combustion is significantly reduced with the increase
in loading capacity. As the content of CEOS–DOPO–PDMS increases, the high-temperature resistance of the
coating is remarkably enhanced while its combustibility is substantially decreased. Thermal imaging results
further confirm that the NP-GLIDE coating with a 20:100 ratio maintains a relatively low surface temperature
and excellent thermal insulation performance throughout the entire test, highlighting the synergistic effect
of the phosphorus-silicon hybrid structure in reducing combustibility.

Comprehensive analysis of the FT-IR, surface morphology, and property evaluations demonstrates that
the incorporation of CEOS–DOPO–PDMS leads to a multi-scale hybrid structure in the epoxy NP-GLIDE
coating. The micro-rough surface topology combined with the migration of PDMS chains imparts excellent
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hydrophobic and self-cleaning behavior. Simultaneously, the presence of rigid Si–O–Si and thermally stable
P–O bonds enhances mechanical and flame-retardant properties. These synergistic effects enable the coating
to maintain mechanical integrity and thermal protection under extreme conditions, confirming its potential
as a multifunctional protective material for advanced engineering applications.

4 Conclusions
A multifunctional epoxy-based NP-GLIDE coating was successfully fabricated through the integra-

tion of CEOS–DOPO–PDMS hybrid precursors, achieving simultaneous enhancement of hydrophobicity,
wear resistance, and flame retardancy. Structural analyses confirmed the successful synthesis of DOPO-
functionalized and siloxane-modified intermediates, and FT-IR results verified the coexistence of P–O,
Si–O–Si, and C–O–C linkages within the final cured coating. Optical microscopy revealed a hierarchically
rough and porous surface, contributing to its high hydrophobicity with a maximum water contact angle of
109.6○. Mechanical testing demonstrated that the coating sustained scratching up to 5H pencil hardness,
indicating excellent surface robustness. In flame-resistance evaluation, the coating maintained structural
integrity after exposure to a 500○C flame for 30 s, highlighting the synergistic effect of phosphorus–silicon
components in promoting char formation and thermal protection.

The above experiments warrant further improvement. Coating tests were conducted on glass substrates
due to their smooth, non-porous, and chemically inert surface, which makes them an ideal choice for
controlled laboratory experiments. However, the surface properties of substrates involved in practical
applications (e.g., metals, polymers, ceramics, etc.) vary significantly. This can lead to discrepancies in the
scratch resistance, durability, or optical properties (such as transparency and reflectivity) of the coating
between glass and other materials. For translation to real-world applications, further tests are required,
which should involve scaling up the experimental scope to include larger-sized substrates or samples of
actual product specifications. This will enable a comprehensive evaluation of the coating’s practicality and
cost-effectiveness in industrial production.

Overall, the CEOS–DOPO–PDMS-modified epoxy NP-GLIDE coating exhibits a well-balanced com-
bination of surface repellency, mechanical durability, and fire resistance. This work provides an effective
strategy for designing high-performance protective coatings with potential applications in architectural
materials, electronics, and aerospace engineering. Future studies will focus on optimizing the hybrid network
architecture and exploring scalable processing routes to further enhance multifunctional performance and
industrial adaptability.
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