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Abstract

:

In the aerospace industry, low-density quartz fiber/phenolic resin composites offer advantages such as low cost, low density, high thermal insulation, and excellent thermal resistance, making them a promising candidate when exposed to a long-term low–medium heat flow environment. However, there is currently a lack of understanding regarding the ablation evolution and mechanisms of these materials under this environment, which hampers the enhancement of material performance. Additionally, there is insufficient quantification of their pyrolysis processes, which is detrimental to the development of subsequent mathematical models for ablation thermal response. Therefore, this work focuses on the study of the ablation process of low-density needled quartz felt/phenolic resin (PR/NQF) under long-term low–medium heat flow. Ablation samples of PR/NQF with varying densities were obtained by treating them with a quartz lamp at different temperatures. The differences in the carbonization of the PR/NQF ablation surface were analyzed through SEM, microCT, FTIR, XRD, and XPS experiments, revealing the influence of ablation temperature and composite density. Subsequently, the pyrolysis mechanism of PR/NQF was analyzed using Py-GC-MS, resulting in insights into the evolution and component ratio of pyrolysis gases and their temperature correlations. To further describe the pyrolysis process of low-density PR/NQF, a pyrolysis kinetics model was developed based on the TGA experimental results, and the consistency between the fitted results and theoretical values was validated. The conclusions of this study provide support for analyzing the ablation mechanisms and evolution processes of low-density PR/NQF under long-term low–medium heat flow. Furthermore, the conclusions offered a certain degree of basic data support of mathematical models for ablation processes and the development of new thermal protection materials.
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1. Introduction


Ablation materials are critical thermal protection materials in the aerospace field, widely used in vehicles exposed to extremely high temperatures during flight, such as rocket solid motor nozzles, space shuttle noses, and planetary exploration spacecrafts. The ablative material actively acts as a thermal protection system, minimizing the transfer of heat to the interior of the component. Standard ablation composites primarily consist of matrix, reinforcement materials, and fillers. Matrix materials mainly include phenolic resin, epoxy resin, silicone rubber, polybenzoxazine, cyanate esters, etc. And reinforcement materials primarily include carbon fibers, high-silica fibers, and asbestos fibers [1].



In recent years, low-density ablation composites have garnered increasing attention. Nanostructured porous resin or rubber are typically used as matrix materials, and carbon fibers, quartz fibers, phenolic microspheres, or hollow glass microspheres are typically used as reinforcement materials. Compared to standard fiber/resin composites (density typically above 1 g/cm3), these low-density materials have significantly reduced density (generally between 0.2 and 0.9 g/cm3), providing the dual functionality of thermal protection of traditional resin and high-efficiency insulation of aerogels. Additionally, they feature low thermal conductivity, high emissivity of the char layer surface, and excellent resistance to gas erosion on the char layer surface, making them more effective at preventing aerodynamic heating from transferring into internal structures [2,3]. Currently, widely studied low-density ablation composites primarily consist of carbon fiber/phenolic resin, such as PICA used by NASA, which has been applied as a thermal protection material in the “Orion” spacecraft and the Mars Science Laboratory (MSL) “Curiosity” rover. Subsequently, the Ames Research Center developed materials like C-PICA and PICA-X [4,5]. However, the high-temperature stability of carbon fiber is relatively poor and susceptible to oxidation, which limits the application of thermal protection systems in more demanding flight environments.



Compared to low-density carbon fiber/phenolic resin systems, low-density quartz fiber/phenolic composites have garnered increasing attention in recent years. They are a type of ablative composite material with phenolic aerogel as the matrix and quartz fabric (98% silica) as the reinforcement. Phenolic resin is commonly used as an ablative composite matrix due to its high char yield, thermal stability, dimensional stability, and good insulation properties, as well as its low cost [6,7]. Compared to commonly used carbon fibers, quartz fibers exhibit higher thermal stability, lower thermal conductivity (0.52 W/mK for quartz fibers versus 1.08 W/mK for carbon fibers), and better oxidation resistance. Additionally, the quality cost of quartz fabric is lower than that of carbon fiber fabric, thus providing superior thermal protection performance at high temperatures [8].



For various types of ablation materials, understanding the ablation mechanism and process at high temperatures is a crucial and fundamental issue for material performance testing, new material development, and thermal protection system design. Over the years, researchers have used various testing methods to analyze the ablation process of composites and qualitatively predict their degradation trends. The research methods for pyrolysis mechanisms mainly include surface morphology analysis, surface chemical analysis, pyrolysis physical–chemical process analysis, and pyrolysis kinetics process analysis [9,10].



In terms of surface morphology analysis, H. M. Cheng et al. [11] used SEM to observe the surface morphology changes in low-density carbon fiber mat/phenolic resin (NCF-PR) composites after arc spraying. They found that the carbon fibers on carbonized NCF-PR surface degraded significantly, with the remaining fibers maintaining a 3D entangled network structure. The PR aerogel carbonized and formed a thin layer covering the fiber’s surface. Aravind Jithin A J et al. [12] used SEM to observe the surface morphology changes in low-density silica-based fiber/phenolic resin composites after argon plasma jet treatment. They found that after ablation, the structure of silica fiber decomposed, and a porous structure was formed. While there have been related studies on the ablation morphology changes in low-density carbon fiber/phenolic resin and silica-based fiber/phenolic resin composites, research on the impact of heat flux density, especially long-term low–medium heat flux on the ablation morphology, is still insufficient.



In terms of surface chemical analysis, Y. S. Huang et al. [13] studied the chemical structure changes in a carbon fiber/phenolic resin composite with a density of approximately 1.3 g/cm3 after ablation under 4 MW/m2 heat flux. XRD and Raman tests showed that after ablation, a graphite crystalline structure was formed on the surface. The carbon layer on the ablated surface of the pre-oxidized mesophase pitch (OMP)-modified carbon fiber/phenolic resin composite exhibited a higher degree of graphitization. Y. Zhang et al. [14] investigated the ablation behavior of aramid fiber/EPDM composites treated with liquid hyperbranched polycarbosilane coatings. XRD and XPS tests revealed that after ablation under a 416.8 kW/m2 oxyacetylene flame, SiO2, SiOx, and SiC present on the surface protected the surface carbon layer, enhancing the ablation resistance. Q. Lu et al. [15] fabricated B2O3-modified borophenolic resin composites and studied the chemical structure changes on the material surface after ablation at different temperatures. XRD and FTIR tests showed that with appropriate increases in ablation temperature, B2O3 promoted the graphitization of the amorphous carbon on the surface. However, although current research mostly focuses on high-heat-flux impact, there is still a lack of comprehensive research on the composition of the carbonized surface layer after the ablation of low-density quartz fiber/phenolic resin composites under long-term low–medium heat flux.



In the field of analysis of pyrolysis physical–chemical process, extensive studies based on pyrolysis process testing have been conducted. Bessire et al. [9] analyzed the pyrolysis process of commercial carbon fiber/phenolic resin composite PICA through TG-MS. The study found that pyrolysis could be divided into four stages based on the differences in the released gases. Throughout the process, H2O and CO were the main gaseous products. Above 600 °C, the yield of H2 significantly increased, with other primary products being CO, CH4, and phenol derivatives. H. W. Wong et al. [16] analyzed the pyrolysis process of PICA using Py-GC-MS and found that below 800 K, H2O was the main pyrolysis product. Above 800 K, permanent gases including hydrogen, methane, CO, and CO2 became more dominant. Above 950 K, hydrogen became the gas with the highest molar yield. However, most of the existing research focused on carbon fiber/phenolic resin composites; studies on the pyrolytic physical–chemical processes and the evolution of pyrolysis gases in quartz fiber/phenolic resin composites are still insufficient. Additionally, there is more of a qualitative analysis of pyrolysis gases, but less of a quantitative analysis (such as molar ratios), which is unfavorable for the subsequent establishment of ablation models in future research.



In the development of high-precision ablation thermal response intrinsic mathematical models, accurately describing the pyrolysis kinetics of ablation process is crucial. Over the years, researchers have proposed corresponding models to describe the pyrolysis process for various densities of carbon fiber/phenolic resin composites and standard silica-based fiber/phenolic resin composites, and have predicted the degradation trends of ablation materials [17,18]. Bahramian et al. [19] derived the pyrolysis kinetic equations for standard silica fabric/phenolic composites based on TGA results. Hugh L. N. McManus et al. [20] established a thermochemical decomposition model using a sequential coupling method for standard carbon fiber/phenolic composites subjected to rapid heating at high temperatures. K. A. Trick et al. [21] presented staged thermodynamic equations for carbon fiber/phenolic resin composites under Gaussian–Lorentz peak fitting, based on TGA results. However, for pyrolysis kinetic models of low-density silica fiber/phenolic resin composites, the reliability of predictive models proposed in the existing studies has not been validated.



In summary, it can be observed that the current literature on pyrolysis mechanisms and pyrolysis kinetic models primarily focuses on higher-density fiber/phenolic resin composites and lower-density (still >1 g/cm3) carbon fiber/phenolic resin composites under a high heat flow. Research on low-density silica fiber/phenolic resin composites under low–medium heat flow is still insufficient.



Furthermore, during the actual operation of spacecraft, the thermal environments are varied. During rapid atmospheric re-entry phases, spacecraft may be exposed to extremely high heat fluxes (maybe even reach up to 5000 kW/m2). However, in other missions, such as a Boost–glide Missile, which flies entirely within the atmosphere, and low-speed re-entry into Mars, the surfaces are subjected to exposure under medium-heat-flux conditions. Ablation materials are also used in thermal protection systems for these conditions, resulting in significant ablation behavior, particularly during long-term exposure. For example, ablative material SLA-561V, which exhibited good shear resistance under medium-heat-flux conditions (about 250 kW/m2), was used in the Mars Pathfinder project [22,23]. Low-density fiber/aerogel composites were used as the thermal protection materials in Boost–glide Missiles.



Although the intense thermal shock experienced in high-heat-flux environments over short durations is often considered a more challenging and critical research topic [12], ablation studies under moderate-to-low heat flux conditions are equally significant. These studies contribute to understanding the degradation behavior of materials across varying thermal environments, ensuring that spacecraft and related equipment can receive adequate thermal protection during different flight phases and mission scenarios.



Therefore, this study focuses on the changes in the surface morphology, surface chemical composition, and gas evolution process of low-density silica fiber/phenolic resin composites after ablation under long-term low–medium heat flow, and provides a mechanistic description of the ablation process, along with a pyrolysis kinetic model. Firstly, a representative industrial low-density needled quartz felt/phenolic resin composite (PR/NQF) was exposed to quartz lamp flames to obtain ablation samples at different temperatures. Subsequently, the microstructure and chemical composition of the ablated surface were analyzed using a scanning electron microscope (SEM) (ZEISS, Oberkochen, Germany), Fourier transform infrared spectroscopy (FTIR) (Thermo Fisher Scientific, Waltham, MA, USA), X-ray diffraction (XRD) (Bruker AXS, Karlsruhe, Germany), and X-ray photoelectron spectroscopy (XPS) (Thermo Fisher Kyoto, Waltham, MA, USA). At the same time, the main thermal properties of PR/NQF were tested, including specific heat capacity and thermal conductivity. Furthermore, the pyrolysis kinetic model of the ablation process was established based on thermogravimetric analysis (TGA) (NETZSCH, Selb, Germany) results, and the consistency between the fitting results and theoretical values was validated. Additionally, the pyrolysis gas evolution process and gas composition variation trends within the main pyrolysis temperature range were obtained through pyrolysis gas-chromatography–mass-spectrometry (Py-GC-MS) (Frontier, Fukushima, Japan) testing. The results from TGA and Py-GC-MS provide support for studying the ablation thermal response and pyrolysis mechanism of PR/NQF.



The innovations of this study are as follows: (1) investigation of the effects of density and ablation temperature on the carbonization of the ablated surface of typical low-density PR/NQF after long-term low–medium-heat-flux impact; (2) analysis of the effect of temperature on the evolution process and ratio of pyrolysis gases, and analysis of pyrolysis gases ratio’s contribution to gas flow equation; (3) development of a pyrolysis reaction kinetics model suitable for low-density PR/NQF and elucidation of the influence of density on the kinetics of pyrolysis reaction. The conclusions of this study provide insights into the ablation mechanism of low-density silica fiber/phenolic resin composite materials under long-term low–medium heat flow. The findings provide certain basic data and experimental support for the development of ablation materials, prediction of ablation behavior, and the construction of intrinsic models for ablation behavior under multi-physics coupling. Furthermore, this research supports the thermal protection design of low-density silica fiber/phenolic resin composite materials in aerospace applications in non-extreme environments.




2. Experimental Section


2.1. Materials


Low-density needled quartz felt/phenolic resin composites (PR/NQF) were prepared by vacuum impregnation and compression molding, and were obtained from Istar-space Co., Ltd. (Beijing, China). The composites were available in two different densities and were used as received without any further processing. The synthesis roadmap of the sample is shown in Figure 1. Here, NQF served as the reinforcement material due to its lightweight and high heat resistance. Stacked layers of needled quartz fiber cloth impart higher strength to the composites. The densities of the two PR/NQF composites were measured using the volumetric method, resulting in 0.5 and 0.8 g/cm3. According to the difference in the density (g/cm3) of the composite materials, the samples are, respectively, referred to as PR/NQF0.5 and PR/NQF0.8.




2.2. Ablation Testing


The thermal protection performance of PR/NQF composites was tested as follows: the cuboid samples with dimensions of 100 mm × 100 mm × 10 mm were exposed to a quartz lamp flame. Each sample was encased in a metal frame (as shown in Figure 2a,b). An installation groove for the water-cooling heat flux sensor (DF133-GD-B1, Zhongxi Huada Technology Co., Ltd, Beijing, China) was made on the frame, where the sensor was embedded and fixed, ensuring that the sensor was flush with the surface of the sample and both were exposed to quartz lamp. High-temperature exposure (600 °C and 1000 °C) was applied to PR/NQF samples for 250 s to evaluate the ablation resistance of the composites. The temperatures of the exposed surface (T1, T2, and T3) and the back surface (T4 and T5) were recorded by K-type thermocouples, which were attached to the geometric center of the surfaces. Each thermocouple was placed on the surface of samples. High-temperature resistant structural adhesive YK-8909 was applied to the contact surface, encapsulating the thermocouples. The assembly was then gradually heated from 80 °C to 150 °C, cured at 150 °C for 2 h, and allowed to cool slowly, resulting in thermocouples stably bonded to the sample’s surface. The variation in heat flux density (kW/m2) during ablation was obtained through heat flux sensor and the data acquisition instrument EX1032A. The samples after ablation were designated as PR/NQFx-y, where x represented density of composites (g/cm3) and y represented the exposed surface temperature (°C).




2.3. Characterization and Measurements


2.3.1. Physical Parameters


The main physical parameters of composite PR/NQF, including thermal conductivity and specific heat capacity, were tested. The thermal conductivity at room temperature was measured using the Hot Disk TPS2500S instrument (Hot Disk, Goteborg, Sweden) and the transient plane source method. Two pieces of samples (40 × 40 × 5 mm) were set on the Hot Disk.



The specific heat capacity was tested on the NETZSCH STA 449 F3 Jupiter instrument (NETZSCH, Selb, Germany) by DSC Sapphire Method. The experiments were conducted on the blank, sapphire, and sample separately. The experiments were carried out in a nitrogen atmosphere by an isothermal process for 10 min at −30 °C, heating to 500 °C with a rate of 10 K/min, followed by an isothermal process for 10 min.




2.3.2. Surface Topography Characteristics


The morphology and elemental analysis of composites’ surface before and after ablation was characterized using a scanning electron microscope (SEM), ZEISS Sigma 300 (ZEISS, Oberkochen, Germany) with energy-dispersive X-ray spectrometry (EDS).



The three-dimensional reconstruction of PR/NQF composite samples before and after ablation was achieved using high-precision industrial X-ray CT scanning technology. Microscopic computed tomography (microCT) scans were performed by Xradia Context microCT (Zeiss, Oberkochen, Germany). The scanning parameters included a voltage of 120 kV, a current of 83 mA, and a scanning resolution of 25 μm. The model was scanned from 0° to 360° at a speed of 0.7°/s.




2.3.3. Chemical Structure Characterization


The changes in the chemical structure and chemical bonds in PR/NQF after ablation were analyzed. Fourier transform infrared spectroscopy (FTIR) with a Nicolet IS50 FT-IR spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used from 400 to 4000 cm−1 range with a resolution of 8 cm−1 over 32 scans. The surface element composition and chemical state after ablation were tested by X-ray photoelectron spectroscopy (XPS) on a Thermo Scientific K-Alpha (Thermo Fisher Kyoto, Waltham, MA, USA). The data were analyzed and fitted by the Avantage software (V5. 9921). The phase structure of composite surface was characterized by X-ray diffraction (XRD), using a Bruker D8 Advance XRD diffractometer (Bruker AXS, Karlsruhe, Germany) with Cu-target and at scan rate of 2°·min−1 from 5 to 90°.




2.3.4. Thermal Degradation Analysis


To analyze the thermal degradation process of the composite, thermogravimetric analysis (TGA) measurements were carried out on NETZSCH STA 449 F3 Jupiter (NETZSCH, Selb, Germany) at a scan rate of 10 °C/min in nitrogen atmosphere from 30 °C to 1000 °C.




2.3.5. Pyrolysis Products Analysis


A pyrolysis gas-chromatography–mass-spectrometry (Py-GC-MS) system was used to identify the pyrolysis gases. Pyrolysis was conducted using a Frontier PY3030D pyrolyzer (Frontier, Fukushima, Japan) and analyzed with a TRACE1310 and Thermo ISQLT (Thermo Fisher Scientific, Waltham, MA, USA).



Tests were conducted at three pyrolysis temperatures: 500 °C, 650 °C, and 800 °C. The volatile products were separated using a 30-meter quartz capillary column. Prior to separation, the column was held at 40 °C for 3 min, followed by an increase to 260 °C at a rate of 10 °C/min. The carrier gas was helium with a flow rate of 0.8 mL/min. During mass spectrometry, the electron energy was 70 eV, and the transfer line temperature was set to 300 °C. For each pyrolysis temperature, tests were conducted with the mass detection ranges of m/z equal to 16–350 and 44–350 twice. The experimental spectra were compared with the NIST mass spectral library to identify the decomposition products.




2.3.6. Mechanical Properties


The compression tests were performed on the electronic universal testing machine Shimadzu AGS-X (Shimadzu, Kyoto, Japan). The loading speed is 0.5 mm/min and each sample was five or more specimens with a size of 15 × 15 × 8 mm. The compressive stress of the samples from 0% to 30% strain was recorded. In the XY direction, the compressive load is parallel to the plane of fiber felt. In the Z direction, the load is perpendicular to the fiber layers.






3. Results and Discussion


3.1. Ablation Phenomenon of Needled Quartz Felt/Phenolic Resin Composite


The testing device and experimental process for thermal protection performance of PR/NQF composites are shown in Figure 2a,b. The samples before burning are illustrated in Figure 2c,d, with Figure 2d showing an electron photo of three thermocouples bonded at the geometric center of the exposed surface. The front and side photos of samples after ablation are shown in Figure 2e,f. Some cracks, pits and exposed fibers can be observed on the surface. Figure 2(f1,f2) shows the sides of PR/NQF0.8 after 250 s of ablation at 600 °C and 1000 °C, respectively. The thickness of virgin samples was 10 mm, and, after ablation, the thickness decreased to 9.5 mm and 9.0 mm, respectively. In the thickness direction, a clear gradient transition from the ablation layer to original material was evident. Meanwhile, the ablation layer thickness was significantly increased as the ablation temperature rose. Throughout the heating process, the samples demonstrated excellent non-flammability and dimensional stability, with no noticeable shape changes. Figure 2g shows the microCT tomography results of PR/NQF0.8 after ablation at 1000 °C for 250 S. Obvious pits (red circles) can be observed on the surface after ablation.



The curves of the front and in-depth temperatures of PR/NQF composites measured by thermocouples during ablation are shown in Figure 3a–e. The front temperature of the samples rose rapidly to the impact temperature and remained stable throughout the ablation process. The changes in in-depth temperature after ablation at 600 °C and 1000 °C are shown in Figure 3e. After the quartz lamp was turned off, the front temperature dropped rapidly, but the in-depth temperature continued to rise. This is due to the soak-back effect, where the accumulated heat on the exposed surface diffuses through the front surface and gradually reaches the back of the samples [12]. After 300 s, the in-depth temperatures of all samples had not yet reached their peak soak-back temperatures.



When ablated for 250 s, followed by having the heat source removed for 50 s, as the front temperature increased from 600 °C to 1000 °C, the in-depth temperature of PR/NQF0.8 rose from 168.2 °C to 374.7 °C, while in PR/NQF0.5, the in-depth temperature rose from 153.9 °C to 347.3 °C. After ablating at 1000 °C for 250 s and then removing the heat source for 50 s, the temperature difference between the front and back surfaces of PR/NQF0.5 and PR/NQF0.8 was 652.7 and 625.3 °C, respectively, demonstrating that the two samples exhibit excellent thermal insulation performance. The in-depth temperature rose as the density increased because the fiber content of PR/NQF0.8 was higher, which increased thermal diffusivity [24]. PR/NQF0.5 contained more organic components, producing more pyrolytic carbon, which formed a thicker and stronger pyrolytic carbon layer. More heat can be radiated from the surface and the conduction of heat into ablated samples can be suppressed by this thicker and stronger pyrolytic carbon layer, thereby reducing the internal temperature rise [11,12].




3.2. Thermal and Mechanical Properties of Virgin PR/NQF


The results of the specific heat capacity and thermal conductivity of PR/NQF composites are presented in Table 1 and Figure S1. At room temperature (25 °C), the specific heat capacity of PR/NQF ranged from 1121 to 1150 J/(kg·K). As the temperature increased, the specific heat capacity also increased (Figure S1). Regarding thermal conductivity, the value of phenolic resin aerogel matrix at room temperature was 0.0535 W/(m·K). For the PR/NQF composite, the values were all below 0.1 W/(m·K), which was lower compared to dense fiber/resin composites (0.68 W/(m·K) [11], 0.42 W/(m·K) [25]) and traditional insulation materials such as carbon foam (0.5–3.0 W/(m·K)) [26]. Thermal conductivity was similar to that of composites incorporating porous matrices or lightweight fiber mats (0.21 W/(m·K) [27], 0.093–0.23 W/(m·K) [28]), and the value was similar to that of some traditional inorganic thermal insulation materials such as commercial silica aerogels (100–200 mesh, 0.098 W/(m·K)) and glass fibers (0.08 W/(m·K)) [29]. Thermal properties’ values indicated that PR/NQF exhibits excellent thermal insulation performance, effectively impeding the transfer of surface heat flux into the interior [28].



Figure S2a,b shows compressive stress–strain curves of PR/NQF0.5 and PR/NQF0.8 at room temperature. Due to the anisotropy of the composites, different compressive responses were exhibited in the XY and Z directions. In the XY direction, the compressive stress increased linearly until the strain reached 4–8%. This is related to the elastic deformation of the composite. Afterward, it entered the inelastic deformation stage, where the slope of the curve changed significantly and the stress became irregular. This phenomenon indicates that irreversible permanent damage occurred, such as fiber breakage, micro-pore structure collapse, and complex splitting between layers. However, in the Z direction, the samples were compressed to 30% at a relatively stable rate without catastrophic collapse. The compressive stress of PR/NQF0.8 was higher than that of PR/NQF0.5, which was attributed to the reinforcement effect of larger amount of fiber.



To further analyze the mechanical strength of PR/NQF, the mechanical properties of two commonly used types of ablative materials in the aerospace industry were investigated: (1) standard fiber/resin composites (typically with a density above 1 g/cm3) and (2) low-density fiber/resin composites (density generally between 0.2 and 0.9 g/cm3). The results are presented in Table S1 and Table S2, respectively.



According to Tables S1 and S2, it was observed that the compressive strength increased with the density of composite, and there was a significant difference in strength between different densities. For low-density ablative materials, in the XY direction, the compressive strength for samples whose density was 0.2–0.4 g/cm3 ranged from 1.5 to 6.63 MPa. When density was between 0.46 and 0.52 g/cm3, the value ranged from ~13 to ~21 MPa. As the density increased to 0.9–1 g/cm3, the value exceeded 70 MPa (Table S1 [3,11,30,31,32,33,34,35,36,37]). For standard fiber/resin composites, the value was mostly greater than 100 MPa (Table S2 [38,39,40,41,42,43,44]), and an increase in density did not necessarily result in a significant improvement in strength. Mechanical properties may be more closely related to the structure of the composite.



When the strain reached 30%, the stress of PR/NQF0.5 and PR/NQF0.8 in the XY direction was 39.1 MPa and 85.17 MPa, respectively. In comparison with the results in the literature regarding low-density ablative materials suitable for low–medium-heat-flux impacts, there was no deficiency in the observed strength of our material.




3.3. Morphological Evolution Process of Composites Before and After Ablation


To determine the porosity of the matrix, ImageJ was used to perform grayscale threshold segmentation on the FIB-SEM images of the matrix. Figure S3a shows the FIB-SEM results of the matrix, while Figure S3b shows the threshold segmentation results, where black regions represent pores. The data analysis revealed that the porosity of the original PR matrix was 53.34%.



The evolution of the material’s morphology before and after ablation is crucial for evaluating ablation resistance and exploring the ablation mechanism. Therefore, SEM and EDS were used to analyze surface morphology and elemental composition. The virgin surface is shown in Figure 4a, and the post-ablation surface is shown in Figure 4b–d, with the micro-area EDS of Si presented in Table S3.



First, the surface of the virgin sample was continuous and dense (Figure 4a). It had some small scratches and impurity particles attached, but the surface was smooth with low roughness, free of pores. After ablation, the continuity of the surface was damaged to varying degrees, with a loose and porous pyrolysis product layer forming.



Next, the impact of density on ablation degradation was analyzed by comparing the morphology after ablation at higher heat flux (corresponding to 1000 °C).



	(1)

	
PR/NQF0.5-1000 (Figure 4b):







The surface of PR/NQF0.5-1000 was almost completely covered by thin, flake-like material, the virgin dense surface almost completely degraded. A large number of cracks were densely distributed, and some obvious pits appeared. Numerous pores were not only densely distributed but also generally had a large aperture, and broken short fibers could also be observed. These pores were related to the pyrolysis of the composite surface and the outflow of pyrolysis gases.



	(2)

	
PR/NQF0.8-1000 (Figure 4d):







The surface continuity of PR/NQF0.8-1000 with higher density was also disrupted. Most of the surfaces were adhered with thin layered materials generated by ablation, but dense structures that are not covered by ablation products could still be observed (Figure 4d). Pits, cracks and broken short fibers could be observed.



	(3)

	
Impact of density on ablation degradation (comparison of PR/NQF0.8-1000 and PR/NQF0.5-1000):







Compared to PR/NQF0.5-1000, the surface of PR/NQF0.8-1000 showed fewer pits and cracks, and the pore size in the layered substances was smaller. This indicated a slower surface degradation rate for PR/NQF0.8-1000 under the same ablation temperature. EDS analysis shows that, compared to PR/NQF0.5-1000, the content of Si in PR/NQF0.8-1000 was 4.7% higher, which may be due to more quartz fibers being exposed from the composite after ablation degradation. After ablation at 1000 °C, the surface was primarily composed of aerogel pyrolyzed carbon and exposed quartz fibers, which served as a protective layer for the underlying composite matrix. Under the same ablation conditions, the lower-density samples, with a lower fiber reinforcement content and higher polymer content, undergo more polymer matrix carbonization, leading to the formation of more pyrolysis gases and larger surface pores.



Next, the morphology of samples treated with different ablation temperatures was tested.



	(4)

	
PR/NQF0.8-600 (Figure 4c):







In PR/NQF0.8-600, most of the composite surface still showed a continuous distribution. The proportion of the attachment area to the total area was relatively low, and there were almost no obvious pits observed on the surface. There were cracks at the observation scale in Figure 4(c2). There were pores in the attachment area of the pyrolysis products, and due to the relatively low area proportion of the attachment area, the total number of pores was small.



	(5)

	
Impact of temperature on ablation degradation (comparison of PR/NQF0.8-1000 and PR/NQF0.8-600):







The EDS results indicated that the content of Si (15%) was lower than that in PR/NQF0.8-1000. This suggested that the degree of thermal decomposition peeling off the surface resin was low, with only a small amount of internal quartz fibers exposed. In other words, due to the relatively mild erosion of the organic matrix at 600 °C, the ablation products had not yet fully covered the composite surface. The surface was mainly composed of pyrolyzed carbon, exposed fibers, and resin matrix that had not been carbonized. The test results indicated that an increase in the ablation temperature accelerated surface degradation, which manifested in two ways: first, the difference in the degree of polymer carbonization on the surface; and second, the difference in the proportion of exposed fibers on the surface.



Additionally, as seen in Figure 4b–d, the presence of fractured short fiber segments (highlighted by the red circle) indicated that high-temperature ablation not only causes the polymer on the surface to carbonize but also leads to the fracture of silica fibers due to the thermal effects.



To more clearly characterize the morphological changes in the composite before and after ablation, micro-CT scanning was performed on the original PR/NQF0.8 and ablated PR/NQF0.8-1000. The cross-sectional images are shown in Figure 4e,f. In PR/NQF0.8, fibers were woven in a layered distribution within the matrix; the fibers exhibited strong continuity. After ablation, some fibers broke under thermal stress, disrupting the continuity of the woven network structure. The carbonization of the PR matrix led to volume shrinkage, resulting in the formation of numerous black voids, highlighted by red circles in Figure 4(f1,f2). The formation of continuous voids (red circles on the left side in Figure 4f2) provided a continuous pathway for the release of pyrolysis gases while also intensifying the thermal impact on the surrounding PR and fibers.



According to the microstructure characterization of ablation results, the ablation evolution process of PR/NQF exhibited the following characteristics:




	(1)

	
During ablation, when the temperature exceeds the pyrolysis temperature of phenolic resin, resin first undergoes thermal degradation, pyrolysis gases are released outward, and the polymer becomes amorphous carbon. The surface is covered with porous and loose amorphous carbon structures.




	(2)

	
During the thermal degradation of surface polymers, under the effect of thermal stress, thermal cracks develop and continuously grow. As the polymer around the cracks degrades, large sized pores are generated, exposing fibers, and the polymer attached to the exposed fibers is further pyrolyzed.




	(3)

	
As the temperature continues to rise, silica fibers become brittle under thermal stress and fracture into short segments.




	(4)

	
Under the same ablation conditions, increasing the content of quartz fiber reinforcement will enhance the composite’s ability to resist thermal flux, thus improving its ablation resistance. For the same composite, raising the ablation temperature accelerates the pyrolysis rate of the polymer, resulting in a deeper degree of polymer carbonization and an increased proportion of exposed fibers on the surface.










3.4. Chemical Evolution Process of PR/NQF Before and After Ablation


Understanding the chemical composition of the material surface after ablation is meaningful for analyzing the impact of ablation temperature on ablation results. The surface chemical changes in the composite material before and after ablation were further studied by XRD, XPS, and FTIR.



The FTIR curves of each sample before and after ablation are shown in Figure 5. In virgin composites, the composite exhibited characteristic peaks at 3284 cm−1 for the vibration of phenolic hydroxyl groups (-OH), absorption peaks from 2850 to 2960 cm−1 for -CH2 and -CH3, and characteristic peaks of the benzene ring at 1644, 1576, 1541, and 1472 cm−1. Additionally, a peak at 1219 cm−1 corresponding to phenolic hydroxyl groups was observed. All these characteristic peaks originated from the phenolic resin. The absorption peaks at 1043 and 801 cm−1 for O-Si-O and Si-O originated from quartz fiber.



After ablation at 600 °C, the peaks at 3284 cm−1 and 2850 cm−1 to 2960 cm−1 became less distinct. These phenomena indicated that phenolic hydroxyl groups had undergone transformation. The characteristic peak of the benzene ring at 1576 cm−1 was retained, indicating that some organic structure of the virgin material was preserved, and the system did not undergo severe degradation. There was a clear broad peak around 1020 cm−1, which may be caused by the rightward shift in the absorption peak at 1043 cm−1 and the surface carbonization peak. After ablation at 1000 °C, most of characteristic peaks of the organic groups were no longer present. The Si-O absorption peak shifted to 784 cm−1 and intensified. At the same time, the broad peak around 1001 cm−1 further intensified, which may be related to the formation of polycyclic aromatic hydrocarbons, indicating an increase in the carbonization degree of the surface layer. For both PR/NQF0.5-1000 and PR/NQF0.8-1000, the characteristic peaks of organic groups were absent, and the positions of the main FTIR peaks were similar. Compared to PR/NQF0.5-1000, the wavenumber underwent a redshift in PR/NQF0.8-1000, indicating a lower vibration frequency; therefore, the orderliness was higher than that of PR/NQF0.5-1000.



As shown in Figure 6a, the XRD phase analysis results indicated that the broad peak at 20.2° in virgin PR/NQF0.8 corresponded to the (200) plane of carbon in the organic polymers [45]. After ablation, this broad diffraction peak disappeared, and new broad peaks appeared at ~23°, ~43°, and ~80°, which corresponded to the overlapping peaks of the (002) peak of amorphous carbon and SiO2 [46], the (100) peak of amorphous carbon, and the (110) peak of amorphous carbon [46]. As the ablation temperature increased, the (100) and (110) peaks of amorphous carbon become more pronounced. After ablation at 1000 °C, the peaks at 21.5° and 35.8° corresponded to SiO2, indicating the appearance of SiO2 on the surface [47].



The interlayer spacing d002 of the crystalline planes during pyrolysis of PR/NQF0.8 was calculated by Bragg’s equation: d002 = n/2sinθ, where n is the wavelength of the X-ray (the first-order diffraction). The results are shown in Table 2. As the ablation temperature increased from 600 to 1000 °C, the value of d002 of the (002) peak decreased from 0.3880 nm to 0.3832 nm. Meanwhile, the value of d002 of the (100) peak and the (110) peak also decreased. This reduction indicated an increase in the degree of graphitization of the surface-pyrolyzed carbon. In other words, the arrangement of pyrolytic carbon gradually became more compact and ordered with the increase in temperature [48]. Therefore, the transformation of the surface-pyrolyzed carbon’s order also affected the thermal parameters of the ablated surface. That is to say, the thermal parameters will shift towards the characteristic of graphite as the ablation temperature increases.



Next, the XPS spectra of the PR/NQF0.8 composite were tested at different pyrolysis temperatures, and the spectra are shown in Figure 6b–k. The survey scan XPS spectra (Figure 6b) indicate that PR/NQF was primarily composed of C, O, and Si elements. The high-resolution XPS C1s spectrum can be deconvoluted into four peaks (Figure 6c), corresponding to C-C (284.8 eV), C-O (285.4 eV), C=O (285.9 eV), and the organic structure CH2-R (286.8 eV). In Figure 6d, the deconvolution results for O1s are shown, corresponding to O-C (532 eV), O-Si (532.6 eV), and O=C (533.1 eV). Figure 6e displays the deconvolution results for Si2p, which correspond to Si-O-Si (102.1 eV), Si-O (102.8 eV), and SiO2 (103.5 eV) [46,49,50].



According to the XPS results, the amount of SiO2 structure on the surface increased after ablation, while C-C, generated from the carbonization of phenolic resin, also increased. The organic structure of CH2-R decreased, indicating that a significant amount of phenolic resin was consumed to produce elemental carbon. These changes became more pronounced with increasing the ablation temperature, which was consistent with the surface changes trend observed in the XRD and FTIR tests.



Based on SEM, microCT and surface chemical characterization results, the ablation process of PR/NQF can be inferred as follows (Figure 7): Initially, as the temperature continuously increases, the surface PR matrix undergoes thermal degradation, producing a large amount of pyrolysis gases. An amorphous carbon layer with a loose, porous structure forms on the surface, and the pyrolysis of the polymer leads to the exposure of quartz fibers. The thick pyrolytic carbon coating on the surface effectively prevents direct contact between composites and airflow and suppresses the degradation of internal PR resin. The PR aerogel, carbonized to varying degrees and filled the spaces between fibers, can effectively block high-temperature gases from coming into contact with the composite and prevent their infiltration into the interior. Additionally, the pyrolysis gases overflow from the ablation surface after passing through the pyrolytic layer, creating a thermal blocking effect at the boundary layer. Furthermore, the porous structure dissipates most of the incident convective heat flux, ensuring excellent thermal insulation during ablation process. As the temperature continues to rise, partial exposed quartz fiber fractured. Subsequently, under the impact of high-speed thermal flow, the surface-carbonized layer and short section of SiO2 are blown away. Oxygen further penetrates into the subsurface, continuing pyrolytic oxidation and forming a new ablation layer at the subsurface. Over time, the thickness of the ablation layer gradually increases [51,52].




3.5. Gas Evolution Process and Chemical Reaction Mechanism of Pyrolysis Process


Through the research above, the influence of the ablation process on surface properties was obtained, and it was discovered that the ablation temperature affected the crystallographic structure and ordering of amorphous carbon. Furthermore, in order to deepen the understanding of the chemical reaction mechanisms during pyrolysis, this section will focus on Py-GC-MS testing of PR/NQF to analyze the differences in pyrolysis products at different temperatures and explore the process of pyrolysis product evolution, and then put results into the gas flow equation of thermal decomposition. The total ion chromatograms (TICs) of PR/NQF at different pyrolysis temperatures are shown in Figure 8a,b, and the identification results of the components for each peak in the pyrolysis products are listed in Table S4.



Based on the Py-GC-MS results, the main chemical reaction mechanism during the ablation of PR/NQF was inferred (Figure 8): in the main chemical reaction stage (300–850 °C), the predominant reactions include the condensation of hydroxyl groups, cleavage of methylene and terminal groups, oxidation reactions involving free radicals, and some polycyclic reactions between methylene groups. Next, a specific analysis was conducted on these processes.



First, the FTIR spectrum of the sample ablated at 600 °C shows the transformation of the phenolic hydroxyl groups, and potential reactions that may occur during this transformation include the reaction between phenolic hydroxyl groups and methylene groups, leading to the removal of hydroxyl radicals, and condensation reactions. Among these, the reaction process of the reaction between phenolic hydroxyl groups and methylene groups, [53,54] and the condensation reaction of phenolic hydroxyl groups are shown in Figure S4. The Py-GC-MS results at 500 °C indicated the volatilization of oxygen-containing xanthene (No. 22 in Table S4), which confirmed the occurrence of the phenolic hydroxyl condensation reaction.



As the temperature increased, porous PR entered the thermal decomposition phase. The methylene groups (–CH2−) in the polymer backbone underwent chain scission reactions, generating a large number of aromatic methylene radicals. These radicals combined with hydrogen radicals to produce phenol and its methyl derivatives. According to Py-GC-MS results (Figure 8a,b), phenol and its methyl derivatives were the primary macromolecular volatiles at 500 and 650 °C (Figure S5a,b). Therefore, the cleavage of methylene groups was the primary cause of the decomposition of PR/NQF. Additionally, for condensed phenolic hydroxyl groups, cleavage reactions also occurred, accompanied by the release of water and methane (Figure S5b). At 650 °C, it was confirmed by the volatiles such as phenol and its methyl derivatives, along with xanthene (Table S4, No. 10–14, 16, and 22).



At 500 °C, a small amount of benzene and its methyl derivatives was detected (Table S4, items 5–9, with a content of 1.139%). As the temperature increased, their proportion of the total volatiles rose further (the content was 3.053% at 800 °C). This result indicated that at high temperatures, some phenolic compounds underwent cleavage of C-O bonds, released benzene and its methyl derivatives, and the process of simultaneously generating hydroxyl radicals became more intense with increasing temperature. The general reaction process is illustrated in Figure S6.



These highly reactive hydroxyl radicals generated can act as oxidizing agents and further react with methylene and hydroxymethyl groups, even in an inert gas atmosphere [55]. The presence of 2,5-dimethylbenzophenone (No. 25 in Table S4) confirmed the occurrence of oxidation reactions. The carboxyl groups formed from the reaction between hydroxyl radicals and hydroxymethyl groups were unstable at high temperatures, leading to the production of CO2. The carbonyl groups located between aromatic rings, which exhibit p-π conjugation with adjacent benzene rings, were relatively more stable compared to carboxyl groups and released CO at high temperatures. A schematic of the oxidation reactions is provided in Figure S7. Similar conclusions have been reported in previous studies [56,57].



At high temperatures, in addition to cleavage, some methylene groups underwent polycyclic reactions, as shown in Figure S8. It was confirmed by the presence of naphthalene, anthracene, biphenyl, 3-methylbiphenyl, 1,2-dimethylnaphtho[2,1-b] furan, methyl anthracene, and other polycyclic aromatic hydrocarbons (as listed in Table S4, No. 15, 17, 18, 21–28) at 650 °C and 800 °C. The FTIR results also showed that with the increase in ablation temperature, the intensity of the broad peak near 1001 cm−1 increased, which was related to the polycyclic aromatic hydrocarbons.



Hydrogen radicals were simultaneously generated with polycyclic reactions, and H2 was produced. Although H2 is not within the detection range of the mass spectrometer in this study, studies by Sykes and Wong et al. have detected the existence of H2 above 500 °C [16], supporting the reaction mechanism shown in Figure S8.



In addition to the reactions mentioned above, several other reactions occurred during pyrolysis, as shown in the blue dashed box in Figure 9. First, the cleavage of the polymer backbone formed methylene radicals, which further reacted with hydrogen radicals to produce methane [34,56]. Additionally, hydroxyl radicals reacted with CO and hydrogen radicals to form CO2 and H2O. The presence of these volatile products was confirmed by Py-GC-MS results.



Next, the composition and evolution process of pyrolysis gases was analyzed based on Py-GC-MS testing. First, below 150 °C, the primary source of gaseous products was the desorption of water [9], and it can be simplistically considered that the gas was entirely H2O. During the main pyrolysis stage, the molar proportions of major pyrolysis gases are shown in Table 3.



When pyrolysis was at 500 °C, phenol and its methyl derivatives accounted for 20.259% of all of the volatiles, along with a small amount of benzene and its methyl derivatives (1.139%). It was indicated that the combination of aromatic methylene radicals with hydrogen radicals was still the main reaction. Additionally, the C-O bond of a small amount of phenolic compounds broke, releasing benzene and its methyl derivatives, accompanied by the release of water and methane.



At 650 °C, a significant number of crosslink bonds broke, and the benzene rings were rearranged. The proportion of H2O in small-molecule pyrolysis gases decreased to 48.574%. Other small-molecule gases included CO (0.172%) and CO2 (25.739%). The proportion of benzene and its methyl derivatives among pyrolysis gases increased to 2.521%, and for phenol and its methyl derivatives, the value reduced to 15.077%. At 800 °C, unstable aromatic carbon underwent condensation reactions, transforming into relatively stable carbon structures and releasing CO (0.070%), H2O (27.953%), and CO2 (58.534%). Simultaneously, the proportion of benzene and its methyl derivatives further increased to 3.053%.



In summary, during the heating process, the content of CO, H2O, CH4, phenol, and its methyl derivatives gradually decreased with the increase in pyrolysis temperature. In contrast, the content of CO2, benzene, and its methyl derivatives gradually increased with the rise in pyrolysis temperature. During the pyrolysis process, H2O and CO2 were the two main detected products, and their maximum yields occurred at 500 °C and 800 °C, respectively. Below 650 °C, H2O was the predominant product. As the temperature rose, the yield of CO2 gradually increased, reaching 58.534% at 800 °C. Among the high-molecular-weight volatiles, phenol and its methyl derivatives reached their highest concentration at 500 °C and then gradually decreased with increasing temperature. Benzene and its methyl derivatives appeared at 500 °C and their concentration increased with increasing temperature.



The rationality of the gas composition generated by ablation affects the validity of the flow equations when pyrolysis gases flow through high-porosity structures. To simplify the complex gas flow within porous channels, the pyrolysis gases can be modeled as Stokes flow in a medium with variable permeability. The flow process can be solved by the conservation laws of mass and momentum in porous media. Consequently, the pyrolysis gas flow can be described as follows [30]:


      Q  ˙    g   =    ∂   ε   ρ   g       ∂ t    + ∇   ε   ρ   g     V   g      



(1)




where       Q  ˙    g     represents the mass source term indicating the pyrolysis gas generation rate, ε denotes the porosity,     V   g     is the gas flow velocity,      ρ   g     is the density of pyrolysis gas.



According to the ideal gas law, the density of the pyrolysis gas is given by:


    ρ   g   = P     M  ¯    g   / R T  



(2)




where P is the pore pressure (Pa).



Based on quantitative data of escaping gas components, the average molar mass       M  ¯    g     of pyrolysis gas can be determined as follows:


      M  ¯    g   =  ∑    ω   i     M   i      



(3)




where     ω   i     represents the molar percentage of component i in the pyrolysis gases (%), and     M   i     is the relative molecular mass of component i.



According to Table 3, the values of       M  ¯    g     at characteristic temperatures (500 °C, 650 °C, and 800 °C) were 41.452, 42.079, and 43.344 g/mol, respectively. This indicated that as the temperature increased, the average molar mass of the pyrolysis gas components showed an increasing trend.




3.6. Weight Loss and Kinetics Model During Thermal Decomposition


After analyzing the reaction mechanism of the pyrolysis process, the mass loss caused by the volatilization of pyrolysis gases was further studied. On the one hand, this is to better understand the stage-wise pyrolysis behavior of low-density PR/NQF, and on the other hand, the pyrolysis reaction kinetics model based on the mass loss process is key to constructing a high-precision ablation thermal response intrinsic mathematical model. In this section, the pyrolysis kinetics process of low-density quartz fiber/phenolic resin composites was also analyzed based on TGA experimental results.



3.6.1. Evolution Process of Thermal Decomposition Weight Loss


The thermal decomposition weight loss process of PR/NQF was characterized by TG and DTG, and the resulting curve is shown in Figure 10a. The curve shows the typical thermal response and thermal decomposition peaks of composite materials [12,58,59].



The DTG curve revealed the staged pyrolysis behavior of PR/NQF. Based on the positions of the weight loss peaks, the thermal degradation process can be roughly divided into four stages: 25–150 °C, 150–300 °C, 300–850 °C, and 850–1000 °C. According to previous results in this article, between 25 and 150 °C, a slight weight loss was attributed to the volatilization of adsorbed water in composite, and the polymer structure of cured phenolic resin was almost unaffected [60]. The weight loss during 150–300 °C was associated with the thermal volatilization of free phenol in resin and the polycondensation reactions of hydroxyl and hydroxymethyl groups [9,61]. The 300–850 °C stage represented the primary weight loss process. According to results of Py-GC-MS (Section 3.5), the mass loss was attributed to various reactions: (1) the continued polycondensation reactions; (2) the cleavage of –CH2−O–CH2− and –CH2−CH2− in PR, along with the thermal decomposition of the end groups on benzene rings; (3) the presence of highly reactive hydroxyl groups, which provided an oxidizing atmosphere for the cleavage of methylene groups; (4) polyaromatic structures, which formed by dehydrogenation and cyclization reactions. Above 850 °C, the thermal decomposition of organic was essentially completed, and the TGA curve tended to gentle. The residual resin further decomposed and carbonized, resulting in a slight weight loss [9].



The characteristic pyrolysis temperatures (T5%, T10%, and Td, max) and mass loss rates at different temperature ranges of PR/NQF are provided in Table S5. The Td5% and Td10% of composites increased with the increase in density, indicating better thermal stability at low temperature (below 520 °C) for high-density samples. PR/NQF0.5 exhibited a 3.67% lower weight retention rate at 1000 °C compared to PR/NQF0.8. Meanwhile, within the main pyrolysis range of RT-850 °C, the mass loss rate of PR/NQF0.8 was lower, which indicated better thermal stability. These results underscored the significant role of high quartz fiber content in enhancing the heat resistance of PR/NQF.




3.6.2. Thermal Decomposition Kinetics Model and Its Solution


When the surface temperature was 1000 °C, quartz fibers did not undergo thermal decomposition reactions [62]. Therefore, in this study, fiber density and properties were considered constant.



Compared to fibers, the ablation of the phenolic aerogel matrix is a highly coupled process involving thermal decomposition and oxidation. Thermal degradation in ablation processes of the phenolic matrix is expressed by the isothermal homogeneous reaction kinetic equation:


     d α   d t    = k f   α    



(4)




where α is the conversion rate, t is the time (s), k is the reaction rate, and f(α) is the reaction mechanism function.



The conversion rate α can be obtained as in Equation (5):


  α =      m   0   −   m   t       m   0   −   m   ∞       



(5)




where     m   0     is the mass of the reactants at the beginning of the reaction,     m   t     is the mass of the reactants at moment t during the reaction, and     m   ∞     is the mass of the reactants at the end of the reaction.



The relationship between k and temperature T (K) conforms to the Arrhenius equation:


  k = A e x p   −    E   R T       



(6)




where A is the pre-exponential factor (s−1), E is the activation energy (kJ/mol), and R is the gas constant (8.314 J/(mol∙K)).



The heating rate   β   (K/s) can be defined as follows:


  β =    d T   d t     



(7)







For the linear heating experiment, T can be shown as follows:


  T =   T   0   + β t  



(8)







Equation (4) can be deformed as follows:


     d α   d T    =    A   β      exp  ⁡    −    E   R T        f   α    



(9)







It is generally believed that the rate of solid thermal decomposition reaction is directly proportional to the concentration of reactants:


  f   α   =     1 − α     n    



(10)







Since the pyrolysis process of phenolic resin is not a single-stage pyrolysis, it is necessary to establish a multi-stage pyrolysis kinetics model. A multi-stage pyrolysis kinetics model in the form of multiple generalized Arrhenius equations was established by Gaussian peak fitting and peak value fitting methods. The used Gaussian function is as follows:


  y =      A   0     W    π  /  2         exp  ⁡    − 2        x −   x   c     W        2        



(11)




where     A   0     is the area of the Gaussian peak, W is the half-width of the Gaussian peak, and     x   c     is the peak position of the Gaussian peak.



Due to the fact that mass loss below 150 °C is primarily attributed to the release of adsorbed water in composites, the starting point of the thermal decomposition reaction conversion rate was defined as 150 °C; the results of the conversion rate are shown in Figure 10b. Gaussian fitting was performed on DTG curves within the main pyrolysis temperature range, and the results are shown in Figure 10c,d. Three Gaussian peaks corresponded to three main pyrolysis stages of phenolic resin. The second peak, with a peak value around 770–800 K, represented the primary pyrolysis stage.



Based on the peak fitting results, the pyrolysis reaction followed a three-stage overlapping pyrolysis reaction theory, which is described by the multiple generalized Arrhenius equation:


     d α   d t    =   ∑  i = 1   3      A   i     exp  ⁡    −      E   i     R T            1 −   α   i       n      



(12)




where i = 1~3, Ai (s−1) represents the pre-exponential factor of each stage,     α   i     represents the conversion rats of each stage, and     E   i   ( k J / m o l )   represents the activation energy of each stage.



Under the assumption of volume averaging, α is a function of density. Substituting Equation (5) into Equation (12), the density change function during pyrolysis is given by:


     d   ρ   s     d t    = −       ρ   v   −   ρ   c       1 − n         ρ   s   −   ρ   c       n     ∑  i = 1   3      A   i   e x p      −   B   i     T         



(13)




where     ρ   v     is the density of the virgin material (g/cm3), and     ρ   c     is the density of the char material (g/cm3).



The peak analysis results, corresponding to Equations (12) and (13), provide the pyrolysis kinetic parameters, which are listed in Table 4 and Table 5. Based on the fitting results, the cumulative fitted peaks of the sub-peaks matched the experimental results well, as shown in Figure 10c,d. The sum of the squared residuals for the fitting of PR/NQF0.5 and PR/NQF0.8 were 2.71 × 10−5 and 3.60 × 10−5, respectively, indicating that the model above effectively described the pyrolysis process of PR/NQF composites.



The analysis of the pyrolysis reaction’s kinetic parameters revealed that below 600 K, the E required for the volatilization of free phenol and the condensation reaction was relatively low. As the reaction progressed, chain scission and end-group cleavage reactions occurred, leading to the breakdown of macromolecular structures and the rupture of high-energy chemical bonds. This increased the energy barrier, thus raising the value of E. As the temperature rose, the pyrolysis of the remaining matrix and char took place, requiring more energy, which resulted in a further increase in E. These trends were consistent with existing studies, where E increased with the progression of reactions [63].



According to the results in Table 4 and Table 5, the E of PR/NQF with different densities had the same order of magnitude in the three main pyrolysis stages. This indicated that during the main pyrolysis stage of the phenolic resin matrix, the decomposition mechanisms were same. However, compared to PR/NQF0.8, the E required for lower-density PR/NQF0.5 at stages 2 and 3 was 37.4% and 31.4% lower, respectively. This demonstrated that the increased density impeded the thermal degradation capability of composites above 300 °C.



The low-density PR/NQF composites developed have significant potential in aerospace and defense applications under low–medium heat flux due to their low density, and exceptional ablation resistance and thermal protection capabilities. Some typical application cases include:




	(1)

	
Aerospace thermal protection systems: The developed materials can be used in low-speed re-entry into Mars. Specifically, they can be used in thermal protection systems (TPSs) for spacecraft to protect vehicle structures from long-term medium heat flux and ablation. The low density provides a weight-saving advantage critical for space applications.




	(2)

	
Defense applications: PR/NQF composites can be used as thermal protection in a Boost–glide Missile, which flies entirely within the atmosphere, and for which being lightweight and having a high thermal resistance are required.









The findings from our manuscript provide a foundation for the development and optimization of low-density PR/NQF for different needs.






4. Conclusions


The low-density quartz fiber/phenolic resin composite (PR/NQF) is a powerful candidate for the next generation of aerospace ablative materials after low-density carbon/resin composites. Although the typical pyrolysis behavior of phenolic resin has been extensively studied, there remains a lack of fundamental data for understanding the ablation evolution process, mechanism investigation, and degradation model development of low-density PR/NQF under low–medium-heat-flux conditions. Therefore, in this article, a representative industrial low-density PR/NQF was exposed to a quartz lamp to obtain ablative samples at different temperatures. In addition, the microstructure and chemical composition evolution before and after ablation were detected by SEM, microCT, FTIR, XRD, and XPS, and the influence of density and ablation temperature on the characteristics of the surfaces was analyzed. At the same time, the main thermal properties of PR/NQF were tested, including specific heat capacity and thermal conductivity. Subsequently, the chemical reaction mechanism at different pyrolysis temperatures was analyzed through Py-GC-MS, and the composition ratio of the escaping pyrolysis gases and their temperature correlations were obtained. Furthermore, based on the TGA results, a pyrolysis kinetics model of low-density PR/NQF was established. The results prepare a certain degree of fundamental data support for the construction of high-precision ablation thermal response intrinsic mathematical models in subsequent work. Meanwhile, the results provide valuable reference for the study of the ablation behavior of low-density silicon-based fiber/phenolic resin composites under similar heat flux and front temperatures (<1600 °C).



Specifically, regarding the ablation process of low-density PR/NQF under long-term low-to-medium heat flow, this study mainly draws the following specific conclusions:




	
Mechanical properties of PR/NQF exhibited anisotropy: Compression stress increased with density in both the parallel (XY) and perpendicular (Z) directions relative to the fiber felt layup. Higher stress can be sustained in the XY direction but permanent damage occurred. When compressive strain was 30 %, the compressive stress of PR/NQF0.8 in the Z direction was 59.61% of that in the XY direction, while for PR/NQF0.5, the ratio was 69.1%.



	
After ablation, the surface of PR/NQF consisted of SiO2 and a large amount of porous amorphous carbon formed by pyrolysis. As temperature rose, the d002 values of various diffraction peaks of amorphous carbon decreased, which means that the orderliness of amorphous carbon increased. Under the same ablation conditions, PR/NQF with a higher density exhibited a smaller average pore size on the surface and higher orderliness of amorphous carbon; SEM images and FTIR pyrolytic carbon confirmed these points.



	
PR/NQF exhibited staged pyrolysis behavior. The 300–850 °C stage was the main weight loss process, and the maximum pyrolysis rate was observed at approximately 480–520 °C. This process follows a three-stage pyrolysis rule. The activation energies (E) of PR/NQF0.5 in the second and third stages were 37.4% and 31.4% lower than those of PR/NQF0.8, respectively, which demonstrated that the increased density enhances the thermal degradation resistance of the composites above 300 °C.



	
During the main pyrolysis reaction stage, the primary reactions included the condensation of hydroxyl groups, the breaking of methylene and terminal groups, free radical oxidation reactions, and some polycyclic reactions between methylene groups.



	
During the main pyrolysis reaction stage, the composition ratio of mixed gases varies with temperature. The content of CO, H2O, CH4, phenol and its methyl derivatives gradually decreased with the increase in pyrolysis temperature, while the content of CO2 and benzene and its methyl derivatives gradually increased. H2O and CO2 were the two main detected products, with their maximum yields occurring at 500 and 800 °C, respectively. As the temperature increased, the yield of CO2 gradually increased, reaching 58.534% at 800 °C.



	
During the main pyrolysis reaction stage, the average molar mass of mixed gases       M  ¯    g     increased with the rise in temperature. At characteristic temperatures of 500, 650, and 800 °C, the values were 41.452, 42.079, and 43.344 g/mol, respectively.
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Figure 1. Schematic diagram of the preparation process of PR/NQF composites. (a1) Production of needled quartz fiber felt (NQF). (a2) Vacuum impregnation NQF in PR’s ethylene glycol solution. (a3) Hot-pressing the impregnated body, polymerization, and curing of the impregnated body. (a4) PR/NQF composites obtained after demolding and drying. 
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Figure 2. Representative digital photographs of the ablation process of PR/NQF composites. (a) The ablation process of samples under the quartz lamp. (b) Test stand and sample placement. (c) Sample PR/NQF0.8 before ablation. (d) The exposed surface of PR/NQF0.8 panel with three K-type thermocouples attached. (e) Macroscopic appearance of samples after ablation. (f1) The side view of PR/NQF0.8 after ablation at 600 °C. (f2) The side view of PR/NQF0.8 after ablation at 1000 °C. (g) MicroCT tomography results of PR/NQF0.8 after ablation (red circles represent the pits on the surface after ablation). 
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Figure 3. Heat flux density, front temperature and in-depth temperature curves during ablation (250 s) of PR/NQF composites: (a) PR/NQF0.5 ablated at 600 °C, (b) PR/NQF0.8 ablated at 600 °C, (c) PR/NQF0.5 ablated at 1000 °C, (d) PR/NQF0.8 ablated at 1000 °C. (e) In-depth temperature curves of PR/NQF composites after ablation at different temperatures. 
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Figure 4. (a1–a3) The SEM images of the virgin sample, PR/NQF0.8. The SEM images of the post-ablation samples: (b1–b3) PR/NQF0.5-1000, (c1–c3) PR/NQF0.8-600, (d1–d3) PR/NQF0.8-1000. The red circles indicate fractured short fiber segments. Two-dimensional images reconstructed from micro-CT scans of samples before and after ablation: (e1,e2) PR/NQF0.8, (f1,f2) PR/NQF0.8-1000. 
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Figure 5. FTIR spectrum of PR/NQF0.8 composite during ablation. 
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Figure 6. The chemical properties of the PR/NQF0.8 composite during ablation. (a) XRD patterns. (b) Survey scan XPS spectra, and high-resolution spectra of the surface (c–e) C1s, (f–h) O1s, and (i–k) Si2p. 
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Figure 7. Schematic diagram of ablation principle in PR/NQF. 
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Figure 8. Py-GC-MS total ion chromatograms (TICs) of PR/NQF pyrolyzed at different temperatures (a) with m/z = 16–350, (b) with m/z = 44–350 and local magnified images. 
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Figure 9. Schematic of proposed mechanism for pyrolysis of PR/NQF. 
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Figure 10. (a) TGA and DTG, (b) conversion rate α curves of PR/NQF. Thermal decomposition differential curve and Gaussian peak fitting results of PR/NQF: (c) PR/NQF0.5, (d) PR/NQF0.8. 
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Table 1. Thermal properties of the composite.
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	Samples
	Density

(g/cm3)

(at 25 °C)
	Thermal Conductivity (W/m·k)

(at 25 °C)
	Specific Heat Capacity

(J/g·K)

(at 25 °C)





	PR/NQF0.5
	0.5
	0.0601
	1121



	PR/NQF0.8
	0.8
	0.0792
	1150










 





Table 2. XRD results of PR/NQF0.8 composite.
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	Ablation Temperature

(°C)
	XRD Phase
	2θ (°)
	d002 (nm)





	-
	(200) plane of the carbon in organic polymers
	20.2
	0.4516



	600
	(002) plane of amorphous carbon and SiO2
	23.2
	0.3880



	600
	(100) plane of amorphous carbon
	43.4
	0.2082



	600
	(110) plane of amorphous carbon
	80.2
	0.1195



	1000
	(002) plane of amorphous carbon and SiO2
	22.9
	0.3832



	1000
	(100) plane of amorphous carbon
	43.7
	0.2069



	1000
	(110) plane of amorphous carbon
	80.5
	0.1192










 





Table 3. Mole ratios of main pyrolysis gases at different temperatures in Py-GC-MS tests.
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	Pyrolysis Gases
	M
	500 °C
	650 °C
	800 °C





	CO
	28
	0.232%
	0.172%
	0.070%



	H2O
	18
	62.292%
	48.574%
	27.953%



	CH4
	16
	7.663%
	0.000%
	0.000%



	CO2
	44
	4.355%
	25.739%
	58.534%



	Benzene
	78
	0.465%
	0.387%
	1.191%



	Toluene
	92
	0.224%
	0.576%
	0.979%



	Xylene
	108
	0.450%
	1.216%
	0.735%



	Mesitylene
	120
	0.000%
	0.342%
	0.148%



	Phenol
	94
	2.659%
	1.625%
	0.873%



	Cresol
	108
	8.457%
	7.285%
	3.802%



	Dimethyl phenol
	122
	9.143%
	6.168%
	3.054%



	Trimethyl phenol
	136
	2.346%
	1.829%
	0.798%



	Benzene and its methyl derivatives
	
	1.139%
	2.521%
	3.053%



	Phenol and its methyl derivatives
	
	20.259%
	15.077%
	7.728%










 





Table 4. Thermal decomposition kinetics parameters in the generalized Arrhenius equation for conversion rate α.
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	Samples
	Reaction Stage
	n
	E (J/mol)
	A (s−1)





	PR/NQF 0.5
	1
	2
	6.72 × 103
	1.07 × 10−3



	PR/NQF 0.5
	2
	2
	4.90 × 104
	3.30 × 10



	PR/NQF 0.5
	3
	2
	1.42 × 105
	2.02 × 106



	PR/NQF 0.8
	1
	2
	6.62 × 103
	1.16 × 10−3



	PR/NQF 0.8
	2
	2
	7.83 × 104
	3.56 × 102



	PR/NQF 0.8
	3
	2
	2.07 × 105
	9.74 × 109










 





Table 5. Thermal decomposition kinetics parameters in density change function.
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	Samples
	Reaction Stage
	n
	Ai (s−1)
	Bi (K)





	PR/NQF 0.5
	1
	2
	1.07 × 10−3
	8.09 × 102



	PR/NQF 0.5
	2
	2
	3.30 × 10
	5.89 × 103



	PR/NQF 0.5
	3
	2
	2.02 × 106
	1.71 × 104



	PR/NQF 0.8
	1
	2
	1.16 × 10−3
	7.96 × 102



	PR/NQF 0.8
	2
	2
	3.56 × 102
	9.42 × 103



	PR/NQF 0.8
	3
	2
	9.74 × 109
	2.48 × 104
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