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ABSTRACT: Phenolic resins are widely used in thermal protection, yet achieving simultaneous improvement in
thermal stability and mechanical strength remains challenging. In this work, a vinyl-modified silicone resin (VMTQ)
was synthesized and incorporated into a boron phenolic resin (BPF) matrix. Three composite ceramic fillers, AL, O;-
SiO,-ZrO, (ASZ), ALO5;-5i0,-TiO, (AST), and ALO;-Si0,-MgO (ASM), were further introduced to construct a
multi-oxide synergistic reinforcement system. Thermogravimetric analysis shows that the maximum decomposition
rate decreases by 0.2-0.3%-min "', while the ASM/V3/BPF-3 composite exhibits a 74.53% increase in char yield at 800°C
and a 163.3°C increase in initial decomposition temperature, confirming its significantly enhanced thermal stability.
SEM/EDS and XRD analyses reveal that ASZ, AST, and ASM promote the formation of stable ceramic phases, with ASM
generating the densest MgO-AL O;-SiO, composite oxide layer. Mechanical testing demonstrates that ASZ improves
vertical impact strength by 23.9%, AST increases parallel impact strength by 14.1%, and ASM enhances bending strength
by 34.5% (316.8 MPa). These results clearly indicate that the combination of VMTQ modification with multi-oxide
ceramic fillers can effectively elevate both the thermal stability and mechanical performance of BPF-based composites,
providing a practical pathway for designing high-performance resins for demanding thermal-environment applications.
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1 Introduction

Phenolic resin is an important synthetic polymer material, characterized by high temperature resistance,
flame retardancy, low smoke emission, and insulation properties. It is widely used in aerospace [1-3],
electronics [4], electrical appliances [5], and automotive industries [6-9], providing fireproofing and thermal
insulation for equipment and ensuring operational safety. It is also a key raw material for making friction
materials and composites, playing a crucial role in modern industrial development [10]. However, under
extreme service environments involving high heat flux, strong oxidation and long-term thermal exposure,
conventional phenolic and even boron phenolic systems still suffer from insufficient ablation resistance,
low residual strength after high-temperature exposure, and the tendency to form porous and cracked
char layers, which seriously limit their application in advanced thermal protection systems. Therefore,
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developing phenolic-based composites with simultaneously enhanced thermal stability, ablation resistance
and mechanical reliability remains a major challenge in this field [11].

Among various modification strategies, boron [12-14] doping has been widely recognized as effective
approaches to improve the ceramization ability and high-temperature oxidation resistance of phenolic resins
by forming thermally stable B-O structures during pyrolysis. However, despite the excellent flame retardancy
and thermal resistance of boron phenolic resins, their practical application in extreme thermal environments
is still limited by insufficient thermal stability and a trade-off between high-temperature performance and
mechanical strength. Recent studies have explored various modification strategies, including elemental
doping [15], hybrid resin systems [16,17], and the incorporation of ceramic fillers [18-20], to address these
limitations. Silicone-based modifiers [17,21,22] are particularly attractive due to their ability to form ther-
mally stable Si-O-Si networks and ceramic phases at elevated temperatures, thereby enhancing char stability
and thermal resistance. Li et al. [23] prepared silicon-modified phenolic resin (SN) through the esterification
reaction of phenolic resin with methyltrimethoxysilane, and then introduced boric acid into SN as a curing
agent to synthesize silicon- and boron-modified phenolic resin (SNBA). At high temperatures, a stable silicon
oxide and boron oxide protective layer is formed, effectively hindering the penetration of heat and oxygen,
while reducing the decomposition rate and smoke generation, allowing the resin to maintain a high char
yield even at 900°C. Niu et al. [24] used 3 ONa-POSS as a silicon source to successfully prepare boron-
silicon hybrid phenolic resin. The study results showed that B-O-C, B-O-Si, and Si-O-Si were successfully
incorporated into the resin framework during the synthesis process, and the addition of 3 ONa-POSS not
only promoted its curing process but also significantly improved its thermal stability. Although chemical
modification of BPF with silicon and boron allows the modified resin to maintain a high char yield and
structural stability under extremely high-temperature conditions, relying solely on the chemical modification
with silicon and boron elements still cannot fully meet the comprehensive performance requirements of
modern high-performance materials under extreme conditions [25]. Nevertheless, most reported studies
mainly focus on single ceramic fillers or simple physical blending, and systematic investigations on multi-
oxide synergistic ceramic fillers combined with silicone-modified boron phenolic resin systems are still very
limited [26]. Besides, most reported works focus on single-component modification, which often improves
thermal stability at the expense of mechanical performance. The synergistic effects of multi-oxide ceramic
fillers on both thermal and mechanical properties of boron phenolic resin systems remain insufficiently
understood. These challenges highlight the need for a rational design strategy that integrates silicone
modification with multi-oxide ceramic reinforcement to achieve balanced thermo-mechanical performance.

Resin-based composite coatings and multifunctional polymer composites have been increasingly
applied in thermal protection, corrosion resistance, electromagnetic shielding, and surface functionalization,
where the integration of thermal, mechanical, and protective performance is essential [27-29]. Recent studies
show that the structural design of resin matrices, combined with tailored inorganic fillers or surface-modified
nanoparticles, can significantly enhance stability and functionality under demanding conditions [30-32]. For
example, Moradi et al. [33] demonstrated that silane-modified CeO, nanoparticles can eftectively improve
the interfacial compatibility and functional performance of acrylic composite coatings, highlighting the
importance of molecular-level modification strategies in advancing high-performance resin systems. These
insights further support the need for developing resin composites that balance lightweight characteristics
with reliable thermo-mechanical properties, especially for extreme-environment applications.

Unlike previous studies that rely mainly on single-element modification or individual ceramic fillers,
this work introduces a dual-synergistic strategy combining vinyl-silicone modification with multi-oxide
ceramic reinforcement, enabling simultaneous improvement of both high-temperature ceramization behav-
ior and mechanical performance. Based on the above research, this paper uses self-made vinyl-modified
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silicone resin (VMTQ) as a modifier and systematically investigates the effects of three kinds of compound
ceramic fillers, namely AL, O;-Si0,-ZrO, (ASZ), ALO;-Si0,-TiO, (AST), and ALO;-Si0,-MgO (ASM),
on the properties of GF-VMTQ/BPF composites. The high-temperature resistance of the composites is
evaluated by comparing the static and dynamic ablation performance with and without fillers. The flame
retardant mechanism is revealed in combination with the microstructure, and systematic mechanical prop-
erty tests are conducted on different filler systems to clarify the differential regulation laws of various fillers
on the mechanical properties of the materials, providing a basis for filler selection for composite material
design with specific mechanical performance requirements The high-temperature resistance mechanisms of
composite materials at different temperatures are visually summarized in Fig. 1.
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Figure 1: Schematic diagram of the high-temperature resistance mechanism of composite materials at different
temperatures.

2 Experimental Section
2.1 Synthesis of VMTQ, VMTQ/BPF and GF-VMTQ/BPF Composite Material

Synthetic scheme of VMTQ silicone resin, fabricated via the hydrolysis-condensation methodology, is
displayed in Fig. 2a. The letter M represents hexamethyldisiloxane, a silicon compound with a functionality
of 1, T represents vinyltrimethoxysilane, a silicon compound with a functionality of 3, and Q represents
tetraethyl orthosilicate, a silicon compound with a functionality of 4. In this experiment, the molar ratio of
M, T, and Q structural units in the target polymer used is 3:14:10 [34,35]. Add 1.22 g (7.5 mmol) HMDSO,
5.19 g (35 mmol) VTMO, 3.4 g H,0, 3 g C;HsOH, and 1 mL HAc into a 100 mL round-bottom flask, and
under continuous stirring, add 5.21 g (25 mmol) TEOS dropwise at a rate of 2 drops per second. After the
dropwise addition is completed, raise the temperature to 70°C and continue stirring the reaction for 6 h.
Use rotary evaporation to remove by-products such as methanol, water, and other small molecules generated
during the reaction, obtaining a colorless, transparent, viscous VMTQ. Add a certain amount of C,H;OH to
adjust and obtain a VMTQ ethanol solution with a density of 0.5 g/mL.
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Figure 2: (a) Preparation of VMTQ and (b) the mechanism of curing crosslinking.

Take a certain amount of BPF powder in a beaker, heat with C,H;OH until fully dissolved, then based
on BPE add VMTQ as a modifier in different mass fractions, stir evenly, and cool to room temperature.
After stirring evenly, cool to room temperature. Then place it in an electric heating constant temperature
blast drying oven, and the curing crosslinking mechanism is shown in Fig. 2b. The formulation is as follows:
the mass of BPF is 50.0, 49.5, 48.5, 47.5, 46.5, and 45.5 g, respectively, and the amount of C;HsOH is 25.0 g
for each. The corresponding masses of VMTQ are 0, 0.5, 1.5, 2.5, 3.5, and 4.5 g, with mass fractions of 0, 1,
3, 5, 7, and 9 wt%, respectively. Weigh BPF powder according to the formulation ratios in Table SI of the
supplementary literature, place it in a beaker, add 25 g of C;H;OH and heat until fully dissolved, then add
the corresponding amount of VMTQ, stir evenly, and cool to room temperature for later use.

Evenly apply the viscosity-adjusted resin to the surface of the metal plate with a brush, lay a 30 cm x 30
cm GF sheet, continue to apply resin and overlay another layer of fiberglass cloth, and repeat this process until
all seven layers of fiberglass cloth are applied. Then bake at 80°C for 30 min, followed by placing it in a flat
vulcanizing machine and hot pressing under a pressure of 5 MPa. After hot pressing, allow it to cool naturally
to room temperature, demold to obtain the composite material, and cut as needed for future use. To ensure
the stability of the adhesive application amount, resins with different VMTQ contents were adjusted for
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viscosity with ethanol after cooling, and measured using an NDJ-1 type rotary viscometer. Specific viscosity
data are shown in Table SI.

2.2 Preparation of Ceramic Filler-Modified VM TQ/BPF Composites

Based on V3/BPE composite ceramic fillers were introduced, and composites were prepared with
additive amounts of 10%, 20%, and 30%, represented by -1, -2, and -3, respectively, with the ratio of
ASZ, AST, and ASM being 5:3:2. The system was mechanically stirred, and after uniform mixing, ethanol
was used to adjust the system’s viscosity. Then, the system was placed in an ultrasonic cleaner for 1 h of
ultrasonic dispersion [19,27]. The ultrasonically dispersed resin system was used to prepare the ceramic-filled
composites of each system according to the methods in Section 2.1.

3 Results and Discussion

3.1 VMTQ Structural Characterization Analysis

The VMTQ silicone resin was synthesized via hydrolysis and polycondensation using hexamethyl-
disiloxane, vinyltrimethoxysilane, and tetraethyl orthosilicate as the starting materials. To determine its
chemical structure, Fourier transform infrared (FTIR) spectroscopy and proton nuclear magnetic reso-
nance ("H NMR) spectroscopy were employed for structural characterization. As shown in Fig. 3, the
FTIR spectrum, 'H NMR spectrum, and the proposed molecular structure of the VMTQ silicone resin
are presented.
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Figure 3: VMTQ siloxane resin (a) infrared spectrum, (b) 'H NMR spectrum and its structural diagram.

In the FTIR spectrum of VMTQ (Fig. 3a), the absorption peak at 3617 cm™! corresponds to the Si—-OH
stretching vibration, that at 3420 cm™! is attributed to the O-H bond stretching, the band at 1255 cm™!
arises from the symmetric bending vibration of the Si-C bond in Si-CHjs, and the broad band within 1000-
1100 cm™ is assigned to the Si—O-Si stretching vibration. These characteristic peaks collectively confirm the
occurrence of silane hydrolysis and silanol condensation, suggesting the formation of a cross-linked siloxane
network and thereby verifying the successful synthesis of VMTQ.

In the spectrum, in addition to distinct signals from trace acetic acid used for pH adjustment and
methanol generated during hydrolysis-condensation, characteristic resonance signals corresponding to the
main structural groups of VMTQ were observed: § = 0.1 ppm for (CH;);Si (trimethylsilyl), § = 5.9 ppm
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for -CH=CH, (vinyl), § = 6.9 ppm for Si-OH (silanol), and § = 3.8, 3.4, and 1.1 ppm for CH;CH,OH,
CH;CH,O/CH;0, and CH3CH,O groups, respectively, assigned to silylethoxy or silyloxymethyl species.
Based on the integrated area ratio of (CH3);Si:~-CH=CH,:Si-OH = 3:3:1 and the feed composition, it can be
inferred that each VMTQ molecule contains two (CHj3);Si-groups, six-C¢Hs groups, and six Si-OH groups,
with the corresponding molecular structure illustrated in Fig. 3b. These results collectively confirm that the
chemical structure of VMTAQ is consistent with its designed molecular architecture

3.2 Study on the High-Temperature Resistance of VMTQ/Ceramic Filler Modified BPF

Static ablation rates of VMTQ/BPF composites at varying temperatures are presented in Fig. 4a. For all
samples, the residue rate initially decreases and then increases as the temperature rises. At 400°C, the residue
rate of only 7 wt% VMTQ/BPF is slightly higher than that of pure BPE while at 600°C, only the residue
rate of 7 wt% VMTQ/BPF among the tested samples is lower than that of pure BPE At 800°C, 1000°C, and
1200°C, all VMTQ-containing composites exhibit higher residue rates than pure BPE indicating that VMTQ
effectively enhances the high-temperature performance of the resin. Among all formulations, the 3 wt%
VMTQ/BPF sample shows the highest residue rate at each temperature, demonstrating relatively optimal
high-temperature properties. However, the overall residue of 3 wt% VMTQ/BPF remains limited, suggesting
that VMTQ modification alone cannot substantially improve the high-temperature resistance of BPF resin.
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Figure 4: Images of VMTQ/BPF: (a) static ablation rate, (b) back temperature during ablation, (c) linear ablation
rate and mass ablation rate, Images of VMTQ/BPF with different modified systems: (d) static ablation rate, (e) back
temperature during ablation, (f) linear ablation rate and mass ablation rate.

To further enhance the overall high-temperature protective performance, VMTQ was incorporated into
a glass fiber-reinforced BPF composite, and its thermal insulation and ablation resistance were evaluated.
As shown in Fig. 4b,c, adding VMTQ enhanced the thermal insulation and ablation resistance of GF-
VMTQ/BPF composites. After ablation, all samples exhibited volumetric expansion and formed protruding
char layers on their surfaces. This expansion produced negative linear ablation rates, and the degree of
expansion increased with the VMTQ content. The 7 wt% sample exhibited the most pronounced expansion,

with a linear ablation rate of —0.00150 mm-s™', representing a 183% increase relative to the GF-BPF matrix
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(Fig. 4c). Regarding mass ablation, all VMTQ-modified samples except the 9 wt% one exhibited lower
mass ablation rates than the matrix. The 3 wt% sample exhibited the best ablation resistance, with a mass
ablation rate of 0.0022 g~s‘1, which is 58.5% lower than that of the matrix, indicating the best overall
performance. However, the GF-VMTQ/BPF composite still exhibited a markedly negative linear ablation
rate, and the mass ablation rate and overall thermal protection of the 3 wt% sample remained insufficient for
higher-temperature applications.

Based on the 3 wt% VMTQ/BPF system, various composite ceramic fillers were introduced. The
static ablation rates of each system at different temperatures are shown in Fig. 4d. The residue rates of the
modified V3/BPF samples vary notably between 400°C and 1200°C, reflecting the distinct effects of different
additives on thermal stability. For the control sample, the residue decreased from 91.9% at 400°C to 32.5% at
1200°C (a variation of 64.6%), indicating pronounced thermal decomposition at high temperatures. In the
ASZ/V3/BPF series, all samples exhibited residue rates below 50% at 1200°C. Among them, ASZ/V3/BPFI1
showed the highest residue (41.2%) with a 53.7% variation, demonstrating the best performance. The
AST/V3/BPF series performed better than the control, particularly between 1000°C and 1200°C, where the
decrease in residue rate slowed down. Although AST/V3/BPF1and AST/V3/BPF2 exhibited similar variation
rates, AST/V3/BPF2 consistently retained higher residue values at the same temperatures. At 1200°C, all
AST/V3/BPF samples maintained residue rates above 50%, significantly higher than the 32.5% of the control.
The ASM/V3/BPF series also exhibited markedly better high-temperature performance than the control. The
ASM/V3/BPF series showed excellent thermal stability, with variation rates of 42.1%, 35.9%, and 35.6% for
ASM/V3/BPF], 2, and 3, respectively, all much lower than that of the control. Among these, ASM/V3/BPF3
exhibited the lowest variation rate and the highest residue (60.8%) at 1200°C, indicating superior thermal
stability. Based on this system, GF-V3/BPF composites were fabricated and subjected to butane torch ablation
tests. The Fig. 4¢,f reveal that ceramic fillers substantially modify the ablation response of GF-V3/BPF when
subjected to butane torch ablation, suggesting their critical role in thermal protection. After ablation, all
samples developed a protruding char layer. However, compared with the system without ceramic fillers, their
high-temperature expansion was significantly reduced, attributed to the stable protective layer formed by the
fillers that restricted matrix expansion. In terms of ablation resistance, synergistic interactions between the
ceramic fillers and the matrix greatly enhanced the high-temperature performance of the composite. Mass
loss analysis reveals that, except for the GF-AST/V3/BPF1 sample, all ceramic-filled composites exhibited
lower mass ablation rates than the GF-V3/BPF matrix. Among these, GF-ASZ/V3/BPF3, GF-AST/V3/BPF2,
and GF-ASM/V3/BPF1 exhibited the best performance, achieving a mass ablation rate of 0.0012 g/s, 45.5%
lower than that of the matrix.

Overall, the incorporation of various composite ceramic fillers markedly enhances the high-temperature
performance of VMTQ/BPF composites. Different filler systems exhibited distinct trends in residue evo-
lution and high-temperature stability. These findings suggest that composite ceramic fillers effectively
suppress excessive matrix expansion under high-temperature conditions, markedly reduce mass loss, and
consequently enhance the thermal resistance of VMTQ/BPF composites, meeting the demands of higher-
temperature applications.

3.3 High-Temperature Ceramization

A comprehensive analysis of the microstructure and EDS elemental mapping of the three optimal
systems, ASZ/V3/BPF1, AST/V3/BPF2, and ASM/V3/BPE3, after treatment at 1200°C reveals their high-
temperature structural evolution and characteristic elemental distributions, which clarify the mechanisms
underlying their thermal stability and oxidation resistance. As shown in the EDS mappings, carbon, oxygen,
aluminum, and silicon are uniformly distributed across all three systems, indicating the formation of stable
AL O; and SiO, ceramic phases. In ASZ/V3/BPFI, zirconium appears sparsely and mainly in the form of
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ZrQO,. In AST/V3/BPF2, titanium is present as dispersed TiO,, while boron is homogeneously distributed,
suggesting that boron-containing species formed during BPF pyrolysis also participate in constructing the
protective layer. In ASM/V3/BPF3, magnesium is uniformly dispersed, confirming the cooperative formation
of Al,05-Si0,-MgO composite oxides capable of effectively suppressing high-temperature decomposition
and oxidation.

The SEM images in Fig. 5a,a" show that ASZ/V3/BPF1 develops an irregular and relatively loose ceramic
surface with noticeable roughness, cracks, and pores. These features arise from sintering of ALO;, SiO,, and
ZrQ, and the volatilization of pyrolysis products. Despite these defects, parts of the surface retain compact,
implying the presence of partially continuous oxide layers.

Figure 5: Scanning electron microscopy and EDS elemental mapping of ASZ/V3/BPF1, AST/V3/BPF2, ASM/V3/BPF3
after treatment at 1200°C (a-c) and enlarged views of selected areas (a’-c’).

In contrast, ASZ/V3/BPF2 (Fig. 5b,b") show forms a denser and smoother protective layer, although
a few microcracks persist. This layer mainly composed of synergistic oxides of ALOs, SiO,, and TiO,,
which more effectively inhibit oxidation. ASM/V3/BPF3 (Fig. 5¢,c’) exhibits the most compact and uniform
ceramic layer, free of visible cracks or pores, demonstrating its superior structural integrity after high-
temperature exposure.

The XRD patterns of the three V3/BPF composites with optimal ceramic fillers (ASZ, AST, and ASM)
at different temperatures are illustrated in Fig. 6a—c. Over the temperature range of 400°C-800°C, the ASZ,
AST, and ASM fillers demonstrated negligible phase or chemical changes while embedded in the resin
matrix, suggesting their structural stability under thermal treatment. The XRD patterns mainly exhibit the
characteristic diffraction peaks of the fillers, indicating good thermal compatibility between the fillers and
the resin in this temperature range. When the temperature increases to 1200°C, distinct differences appear in
the XRD patterns of each system. In the ASZ/V3/BPF system, the ZrO, crystal structure undergoes a partial
phase transformation, with its characteristic diffraction peak shifting from 30.27° to 28.19°, corresponding
to a monoclinic-to-tetragonal transition. This shift indicates that elevated temperature induces crystal
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reconstruction of ZrO,. In the AST/V3/BPF system, the diftraction peak of TiO, shifts from 25.3° to 27.44°,
indicating a transition from the anatase to the rutile phase, a process typically accompanied by lattice
densification. In the ASM/V3/BPF system, the intensity of the MgO diffraction peaks at 26 = 36.9°, 43.02°,
and 62.31° significantly increases. This phenomenon is attributed to the healing of crystal defects and lattice
reconstruction at elevated temperatures, rather than a simple phase transition. Notably, Al,O, and SiO, react
with resin pyrolysis products at elevated temperatures to form stable composite oxide phases, consistent
with the dense surface layers and uniform elemental distributions observed in the SEM analysis. Although
no distinct diffraction peaks of carbon were detected in the XRD patterns, the carbon produced from resin
pyrolysis likely exists in an amorphous or microcrystalline state, whose weak signal is masked by the strong
diffraction peaks of the fillers.
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Figure 6: XRD patterns of different systems: (a) ASZ, (b) AST, (c) ASM, (d) Raman spectra of BPF, V3/BPF, and
V3/BPF1 with added ceramic fillers after high-temperature treatment at 1200°C.

To further explore the promoting effect of ceramic fillers on graphitization during the high-temperature
pyrolysis of the VMTQ/BPF system, Raman spectroscopy was performed on the pyrolytic carbon residues of
BPE, VMTQ/BPE and VMTQ/BPF1 composites treated at 1200°C, and their ID/IG ratios were determined
(Fig. 6d). The ID/IG ratio serves as a key indicator of structural defects in carbon materials, a lower value
corresponds to a higher degree of graphitization and a more ordered structure. Taking the ID/IG value of
1.15 for the V3/BPF system at 1200°C as a reference, the systems containing different ceramic fillers exhibited
distinct variations. Among these, ASZ/V3/BPF1 exhibited the lowest ID/IG ratio, markedly lower than that
of V3/BPE, indicating the highest degree of graphitization and the fewest structural defects. AST/V3/BPF1
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showed an ID/IG value of 1.10, slightly lower than V3/BPF, suggesting moderate graphitization enhancement,
whereas ASM/V3/BPF1 presented an ID/IG value of 1.13, close to that of V3/BPE implying only a slight
improvement with relatively high defect density remaining.

3.4 Thermal Stability at High Temperatures

Fig. 7 displays the TGA and DTG curves for the optimal samples of each system. Thermal analysis
results (Table S2) indicate that AST/V3/BPF2 and ASM/V3/BPF3 exhibit markedly enhanced thermal
stability compared with the other samples, markedly enhances the high-temperature thermal resistance
and cracking temperature of the composites. The decomposition temperatures at 5% weight loss (Ts¢)
are 380.2°C and 385.7°C, respectively, much higher than those of V3/BPF (222.4°C) and ASZ/V3/BPF1
(198.6°C). However, considering the early-stage mass loss mainly arises from the evaporation of adsorbed
moisture, residual solvents, and the release of small molecules during initial curing, the improvement in Tso,
does not reflect a fundamental enhancement in intrinsic decomposition resistance of the resin matrix. At the
main decomposition stage (T ), their decomposition temperatures further increase to 447.9°C and 456.4°C
(Fig. 7a), far exceeding those of the comparison samples, demonstrating outstanding thermal stability
under elevated temperatures. Meanwhile, the maximum weight-loss rate (V) decreases to 1.3%-min ™"
for both AST and ASM systems, compared with 1.6%-min"! for V3/BPF and 1.4%-min™' for ASZ/V3/BPF1
(Fig. 7b), indicating that the degradation process is effectively retarded and becomes more controllable in the
presence of ceramic fillers. Moreover, the residual char yields at 800°C for AST/V3/BPF2 and ASM/V3/BPF3
reach 67.8% and 69.2%, respectively, which are markedly higher than those of V3/BPF (58.5 wt%) and
ASZ/V3/BPF1 (58.3 wt%). This result confirms that although the fillers do not significantly increase the initial
decomposition temperature, they greatly improve the high-temperature structural stability and ultimate
thermal endurance of the composites.
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Figure 7: (a) TGA and (b) DTG curves of the optimal samples of each system.

Combined TGA and XRD analyses reveal that interactions among the components in the ASZ system
are relatively weak, dominated by physical mixing rather than chemical synergy, leading to lower char yield
and reduced thermal stability compared with the AST and ASM systems. In the AST system, the anatase-to-
rutile phase transition of TiO, promotes carbon-layer densification and facilitates interfacial bonding with
the resin matrix. The ASM system, in contrast, exhibits the strongest ceramic-forming capability. Lattice
reconstruction of MgO, together with the formation of Al,O3/Si0, composite oxides, generates a dense
thermal-protective layer. The coexistence of carbon and ceramic phases provides exceptional resistance to
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thermal decomposition and ablation at elevated temperatures. Owing to the synergistic ceramic-forming
effect of multiple fillers, the ASM/V3/BPF system develops a structurally robust and highly dense composite
oxide protective layer at 1200°C, exhibiting optimal thermal stability and ablation resistance.

3.5 Mechanical Properties

The mechanical properties data for GF-ASZ/V3/BPE, GF-AST/V3/BPE, and GF-ASM/V3/BPF com-
posites at different filler contents, presented in Fig. 8, elucidate the distinct impacts of filler type and
concentration on the mechanical properties of GF-V3/BPF materials. For the GF-ASZ/V3/BPF system, when
the ASZ content is 10%, the vertical and parallel impact strengths reach 163.3kJ-m~% and 146.8 k]-m~2(Fig. 8a),
respectively. Compared with the control group, the vertical impact strength increases by 23.9%, while the
parallel direction remains nearly unchanged, indicating that a moderate ASZ addition effectively enhances
vertical impact resistance without compromising in-plane stability. However, excessive filler loading (>20%)
causes a sharp decline in both directions due to internal stress concentration and interface defects, at 30%
content, the vertical impact strength drops to 48.1 k]-m™2. Thus, 10% ASZ is identified as the optimal content
for maintaining balanced impact performance. For the GF-AST/V3/BPF system, the AST filler shows a
limited effect on vertical impact strength but significantly improves the parallel direction. At 20% content, the
parallel impact strength increases to 170.2 k]-m™2, representing a 14.1% improvement over the control group,
while maintaining stable performance in the vertical direction. The optimal formulation, GF-AST/V3/BPEF-
2, achieves excellent overall impact properties, particularly in the parallel orientation, offering a superior
balance of strength and toughness. For the GF-ASM/V3/BPF system, the vertical impact strength remains
nearly constant (138.0-139.2 kJ-m™2) across the 10%-30% filler range, with fluctuations below 1%. The parallel
direction, however, exhibits a nonlinear trend: enhancement at low content (165.7 kJ-m~2 at 10%), decline
at 20%, and partial recovery at 30%. The best configuration, GF-ASM/V3/BPF], achieves stable vertical
performance and the highest parallel impact strength, demonstrating effective reinforcement at moderate
filler levels.

500
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Figure 8: (a)Impact strength (b) bending strength and flexural modulus under various systems and (c) comparison of
thermal property and bending strength with recent work.

Bending strength results reveal that the ASZ system most effectively enhances flexural strength, with
the ASZ/V3/BPF1 sample reaching 316.8 MPa, substantially exceeding the baseline, though its influence on
the flexural modulus is limited (Fig. 8b). Conversely, the AST system exhibits balanced strength and rigidity,
with AST/V3/BPF1 and AST/V3/BPF2 maintaining values comparable to or slightly higher than the control.
The ASM system excels in stiffness enhancement, as evidenced by the ASM/V3/BPF3 sample achieving a
flexural strength of 21.72 GPa, remarkably higher than the baseline, though the flexural pattern improvement
remains modest.
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In summary, the three filler systems modulate the mechanical behavior of GF-V3/BPF composites
through distinct reinforcement mechanisms: ASZ primarily enhances vertical impact strength and flexural
strength, AST offers balanced impact and flexural performance, and ASM markedly improves stiffness via
modulus enhancement. Therefore, the optimal filler type and content should be selected according to specific
performance requirements in practical applications.

In addition, a comparative analysis of performance was conducted by evaluating key parameters
(Fig. 8c), including bending strength and Tsy,. Different systems exhibit distinct trade-offs among individual
performance metrics, whereas the material developed in this study demonstrates a more balanced overall
performance. From the perspective of thermal stability, some materials reported in the literature exhibit
higher Tsq, values; however, their bending strength is relatively poor. In contrast, the material in this
work maintains a moderately high Tso,, reflecting a reasonable balance between thermal stability and
mechanical performance. Moreover, in terms of mechanical properties, the bending strength of the material
in this work is significantly higher than that reported in the comparative literature, representing one of the
most prominent advantages in the radar chart. These results indicate that the present work improves the
mechanical load-bearing capacity of the material without sacrificing structural integrity, which is critical for
reliability under practical service conditions.

4 Conclusions

In this study, vinyl-modified silicone resin (VMTQ) was synthesized and incorporated into a boron
phenolic resin (BPF) system, and three composite ceramic fillers (ASZ, AST, ASM) were introduced to
construct a multi-oxide synergistic modification strategy. This approach simultaneously improved the
thermal stability, ceramization behavior, and mechanical properties of the composites. TGA/DTG analysis
revealed that the incorporation of ASZ, AST, and ASM reduced the maximum decomposition rate (Vmax)
by 0.2-0.3%'min"' and enhanced the high-temperature stability of the resin matrix. The ASM/V3/BPE-
3 composite exhibited the most significant improvement, with a 74.53% increase in residual weight at
800°C and an elevation of 163.3°C in the initial decomposition temperature. These results demonstrate the
strong thermal reinforcement effect of the multi-oxide ceramic fillers. SEM/EDS mapping and XRD analysis
further confirmed the formation of stable ceramic phases at elevated temperatures. ASZ and AST promoted
the generation of ALO;/SiO,-based protective structures, while ASM enabled the formation of a dense
MgO-AlL O;-Si0, composite oxide layer, leading to superior structural integrity during thermal exposure.
Mechanical testing showed that each filler system enhanced different aspects of mechanical performance.
ASZ increased vertical impact strength by 23.9%, AST improved parallel impact strength by 14.1%, and ASM
yielded the highest bending strength of 316.8 MPa (a 34.5% improvement). These results indicate that the
composites can be tailored according to specific engineering requirements.

Opverall, this work proposes a novel dual-synergistic modification route, combining silicone network
reinforcement with multi-oxide ceramic filler synergy, to achieve concurrent improvement in thermo-
oxidative stability and mechanical properties. The findings provide a feasible and effective strategy for
designing high-performance resin composites for demanding thermal protection environments.
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