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SI Note 1: Materials
Glass fiber (GF, 14 μm in diameter) was collected from Jushi Co., Ltd. Polystyrene microspheres (PS) were supplied by Jiangsu Zhichuan Technology Co., Ltd. An aqueous dispersion of carboxyl-functionalized multi-walled carbon nanotubes (MWCNTs–COOH, solid content 10%) was obtained from Zhongke Leiming Co., Ltd., Chinese Academy of Sciences. Analytical-grade sodium hydroxide (NaOH) was sourced from Tianjin Damao Chemical Reagent Factory. γ-Aminopropyltriethoxysilane (KH550) was purchased from Aladdin Reagent (Shanghai) Co., Ltd. Sulfuric acid (H₂SO₄), hydrogen peroxide (H₂O₂), and hydrochloric acid (HCl) were acquired from Thermo Fisher Scientific Inc. Terminal amino hyperbranched polyamide resin (HyPer, N103) was provided by Wuhan HyPer Branched Polymers Science & Technology Co., Ltd. The coupling agents N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were obtained from Shanghai Macklin Biochemical Co., Ltd. A bicomponent epoxy system, consisting of epoxy resin E51 and hardener 651, was used as the polymer matrix and supplied by Shanghai Macklin Biochemical Co., Ltd.

SI Note 2: Characterization
The surface coating structure of the fibers was characterized using scanning electron microscopy (SEM, Hitachi SU8010, Japan). Elemental line-scan analysis at the FRP interface was performed via energy-dispersive spectroscopy (EDS). X-ray photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB Xi+, Japan) was employed to analyze the composition and valence states of the different modified fibers. After drying the tested fiber samples, they were placed on the ATR crystal of Fourier-transform infrared spectroscopy (FTIR, Nicolet iS50, China) to test the chemical bond state of the fiber surface. The thermal degradation behavior of different coated modified fibers at 800℃ was analyzed by using a thermogravimetric analyzer. The surface morphology and interface modulus transition of different fibers and their composite materials were characterized by using the tapping mode and peak force measurement mode of an atomic force microscope (BLU_402, NT-MDT). 
The fiber strength at different modification stages was studied using a precision tensile micromotion stage (Linkam MFS 350, UK) at a tensile rate of 10 μm/s. The tensile strength and modulus of the fiber were determined using Eq. (S1) and Eq. (S2), respectively:

,	(S1)
where σf denotes the tensile strength of the fiber (MPa), Ff is the breaking load (N), and d is the fiber diameter (mm)

,	(S2)
EA represents the tensile elastic modulus (GPa), ∆FA is the load increment between two points on the force-displacement curve, Af is the cross-sectional area of the fiber (mm2), L is the gauge length, and ∆LA is the corresponding displacement increment. The Weibull statistical model was employed to analyze the mechanical reliability and failure mechanism of fibers. Based on the conventional Weibull distribution model described by Eq. (S3) and Eq. (S4), a total of 30 valid single-fiber tensile tests were conducted for each sample:

, 	(S3)

, 	(S4)
where i represents the serial number of the samples arranged in ascending order of tensile strength; Fi is the failure probability corresponding to tensile strength σi; σ0 and m are the scale and shape parameters, respectively. The probability Fi was estimated by the median rank method as follows:

, 	(S5)
where n is the total number of tested fibers. The dynamic contact angles of the fibers in deionized water and ethylene glycol were determined using a surface/interfacial tensiometer (DCAT21, Germany) with an immersion depth of 4 mm and an immersion speed of 10 μm·s⁻¹. The contact angle was calculated according to Eq. (S6)

, 	(S6)
where θ represents the dynamic contact angle (°), m is the mass difference during immersion (g), g is the acceleration of gravity (m/s2), d is the diameter of the fiber (μm), and γ is the surface energy of the liquid (mN/m).
The surface energy (γ) of the fiber was estimated from the dispersive and polar components:

, 	(S7)

, 	(S8)
Based on Fowke’s theory and Young-Dupré equation, the definition of the adhesion work (Wa) is determined by Eq. (S9):

	 	 
The superscripts p and d denote polar and dispersive components, while subscripts 1, r, and f correspond to the test liquid, epoxy resin, and fiber, respectively. The surface tension values of deionized water and ethylene glycol are summarized in Supplementary Table 2. Cross-sectional microstructures of fiber composites were prepared by polishing using a metallographic polishing system (SY-1B, China). The interfacial shear strength (IFSS) between GF, GF-pCNT, and GF-pCNT-H was evaluated using microdroplet debonding tests on an interfacial testing apparatus (HM410, Japan). The average IFSS was calculated based on Eq. (S10):

, 	(S10)
where d represents the diameter of the fiber, Fmax denotes the maximum debonding load, and l refers to the length of the fiber embedded in the resin. The mechanical performance under uniaxial tension was tested using a universal mechanical testing machine (PLD-5, Xi’an Lichuang) at a loading rate of 0.6 mm·min⁻¹ under ambient conditions.
For transverse fiber bundle tensile (TFBT) specimens, fiber bundles were positioned in the slit of a dog-bone-shaped silicone mold specifically designed for composite strand testing and held under tension to maintain alignment. The mixed epoxy resin and curing agent were then slowly poured into the mold, followed by vacuum degassing to remove trapped air bubbles. The samples were cured at 80 °C for 4 h in an oven to obtain the TFBT specimens containing various fiber bundles. Five valid specimens were tested for each condition, and the mean values were used to determine the TFBT strength, calculated from Eq. (S11): 

,	(S11)
Where σTFBT denotes the transverse tensile strength of the specimen (MPa), F is the maximum load before failure (N), b is the specimen width (mm), and h is the thickness (mm). The TFBT tests were conducted at a crosshead speed of 0.6 mm·min⁻¹ using a universal testing machine to evaluate the transverse tensile strength of three types of glass fiber bundle composites (GF, GF-pCNT, and GF-pCNT-H).

SI Note 3: Molecular dynamics simulation process
SI Note 3.1: Establishment of a resin system model
The molecular models of epoxy resin (DGEBA) and polyamide curing agent (651) were constructed in Materials Studio (MS). Using the Amorphous Cell (AC) module, 100 DGEBA molecules and 50 curing-agent molecules were packed into a three-dimensional periodic simulation cell, and an appropriate force field was assigned to the system. The initial cell was then subjected to geometry optimization to obtain a minimum-energy configuration. Subsequently, a multistep cross-linking procedure was carried out using the resin cross-linking script until the target degree of cure was reached. The representative cross-linking mechanism is illustrated in Fig. S3.1 The cross-linked epoxy model was further relaxed by MD simulation to eliminate residual internal stress. An initial equilibration was performed at 600 K for 1×104steps with a time step of 0.5 fs, followed by a cooling simulation from 600 K to 298 K for 5×105 steps with the same time step. After equilibration, the total energy, temperature, and density of the system reached stable values.
[image: ]
Fig. S3.1 (a) Resin molecular model. (b) Crosslinking mechanism of the resin system. (c) Schematic diagram of resin crosslinking
SI Note 3.2: Establishment of a fiber model
The surface of glass fiber is mainly composed of a siloxane network, and its interfacial chemical behavior can generally be characterized using silica surfaces. Given the pronounced amorphous nature of the surface layer of practical glass fibers, the quartz crystalline SiO₂ was adopted as the initial structure in this work to construct the glass fiber surface model via surface cutting, hydroxylation modification, and annealing amorphization treatment (Fig. S3.2a). The crystalline structure of quartz SiO₂ was imported as the starting model in Materials Studio, followed by cleavage of the (001) crystal plane and supercell expansion to obtain a unit cell with dimensions of 30 × 42.5 × 25 Å. The crystalline silica model was subjected to annealing treatment to generate an amorphous silica model, and subsequent geometric optimization was performed to acquire a stable amorphous surface structure. The atomic bonding state of the amorphous silica model was characterized by a radial distribution function (Fig. S3.2b), which verified that the silica had been converted into an amorphous state; therefore, this model can be employed for subsequent simulation investigations.[image: ]
Fig. S3.2 (a) Construction of the fiber model. (b) Radial distribution function

SI Note 3.3: Construction of different types of interface models
Three interfacial models were constructed for comparison, namely the GF/EP interface (M1), the GF-pCNT/EP interface (M2), and the GF-pCNT-H/EP interface (M3). The molecular model of the modifier is shown in Fig. S3.3. Each model was built by assembling the fiber slab and the crosslinked epoxy resin into a layered configuration. A 60 Å vacuum layer was introduced along the z-direction to avoid spurious interactions with the periodic effect and to prevent interference from the lower fiber layer during the adsorption process. Before the dynamic simulations, the bottom 3 atomic layers of the fiber slab were fixed, and the whole system was fully geometry-optimized. The resin phase was then softened and allowed to adsorb onto the fiber surface by an NVT simulation at 600 K for 150 ps. Subsequently, another NVT simulation was carried out at 298 K for 150 ps to obtain an equilibrated interfacial configuration. The initial and optimized interfacial models are shown in Fig. S3.4. The equilibrated structures were used for the subsequent analyses.
[image: ]
Fig.S3.3 (a) CNT-COOH. (b) Hydrolyzed KH550. (c) HBP
[image: ]
Figure S3.4 Construction of different fiber/resin interface models

SI Note 4: Mechanical properties of different modified fibers
Table S2. Mechanical properties of different fibers
	Samples
	Tensile strength /MPa
	CVσ /%
	Tensile modulus
/GPa
	CVE /%
	 c
	 m
	σ0 /GPa
	R2

	GF
	1135.94±99.65
	8.77
	57.36
±5.03
	8.77
	-2.12
	12.72
	1.18 
	0.965

	GF-pCNT
	1443.85±113.24
	7.84
	60.11
±4.71
	7.84
	-5.79
	14.40
	1.49 
	0.917

	GF-pCNT-H
	1886.40±142.37
	7.54
	59.93
±4.52
	7.55
	-10.02
	14.98
	1.95 
	0.943




Note: CVσ (%) denotes the coefficient of variation of tensile strength, which quantifies the dispersion of material tensile strength data, and its calculation formula is expressed as:, where σ is the standard deviation of tensile strength, and μ refers to the average value of tensile strength; CVE (%) represents the coefficient of variation of tensile modulus, indicating the data fluctuation of elastic modulus; m is the Weibull modulus that describes the statistical distribution characteristics of material strength; σ0 (GPa) is the Weibull scale parameter, also known as Weibull characteristic strength, which stands for the theoretical reference strength of materials, and it follows the relation:, in which c is the constant term obtained from Weibull fitting; and R2 is the correlation coefficient, describing the goodness-of-fit for statistical models

SI Note 5: Contact angle measurement
Table S1. The surface energy parameters of the liquid used
	Liquid
	SFT [mN/m]
	Disperse [mN/m]
	 Polar [mN/m]

	Water - [Gebhardt]
	72.8
	26
	46.8

	Ethylene glycol - [Gebhardt]
	0.002
	26.4
	21.3



[image: ]
Fig. S5 (a) Schematic diagram of contact angle measurement. (b) Contact angle. (c) Surface energy




SI Note 6: The interaction energy of different interface models

Table S3. Interfacial non-bond interaction energy and its components for different models.
	Energy (Kcal/mol)
Samples
	Non-bond
	van der Waals
	Electrostatic

	M1
	-61025.50
	-2392.60
	-58536.25

	M2
	-61155.42
	-2413.95
	-58645.13

	M3
	-61548.67
	-2426.93
	-59029.18
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