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 14 

ABSTRACT: C/C-HfC-SiC composites are promising ablation-resistant ultra-high temperature thermal protection materials. To 15 

further enhance their performance in extreme thermal environments, the introduction of HfC nanowires (HfCNWs) into the composite 16 

has been identified as an effective strategy. The quantity and morphology of the introduced HfCNWs significantly influence the 17 

ablation resistance of the composites. In this study, by controlling the concentration of Ni salt during the hydrothermal synthesis 18 

process, the loading amount of Ni catalysts on the surface of carbon fibers was regulated, thereby achieving control over the quantity 19 

and structure of HfCNWs in the C/C-HfC-SiC composites. It was found that a low Ni loading facilitates the growth of sparse and 20 

slender HfCNWs. As the Ni loading increases, the number of HfCNWs rises, gradually evolving into a high-density, multi-oriented 21 

network structure. However, excessive Ni tends to induce short, thick, and clustered growth of the nanowires. Based on this, three 22 

types of HfCNWs-modified C/C-HfC-SiC composites were prepared using the polymer impregnation and pyrolysis (PIP) process. 23 

The quantity and diameter of the HfCNWs significantly affect the ablation resistance of the composites. Among them, the composite 24 

prepared with a 4.38 wt% Ni loading exhibited excellent ablation resistance, with mass and linear ablation rates of 0.47 mg·s−1·cm−2 25 

and 5.50 μm·s−1, respectively. The performance improvement is attributed to the formation of a continuous HfO2 skeletal structure 26 

after the oxidation of an appropriate amount of HfCNWs. This continuous HfO2 skeleton significantly enhances the ability of the 27 

oxide layer to resist high-speed gas flow erosion and oxygen penetration. This study can provide support for the design of HfCNWs-28 

reinforced C/C-HfC-SiC composites and promote their engineering application in the field of aerospace thermal protection. 29 

Keywords: HfCNWs; In-situ growth; C/C-HfC-SiC composites; Ablation performance 30 

© 2025 The authors. This is an open access article under the Creative Commons Attribution 4.0 International 31 

License (https://creativecommons.org/licenses/by/4.0/). 32 

 33 

1. Introduction 34 

With the rapid advancement of hypersonic flight vehicle technology, research on thermal protection systems (TPS) 35 

has gained increasing attention [1–4]. As an advanced ultra-high-temperature thermal protection material, C/C compo-36 

sites have been extensively developed due to their outstanding performance at both room and high temperatures. For 37 

instance, in lightweight thin-walled thermal protection structures such as nozzle blades, nozzle expanders, and leading 38 

edges, C/C composites stand out for their low density, low coefficient of thermal expansion (CTE), high stability, specific 39 

strength, and reliability, particularly maintaining high mechanical properties at temperatures as high as approximately 40 

2300 K in an inert environment [5–7]. However, C/C composites are highly sensitive to oxidation in air above 450 °C, 41 

with their oxidation rate increasing sharply with rising temperature, which significantly limits their application range in 42 

high-temperature environments [8–10]. Given the advantages of C/C composites and UHTCs, incorporating UHTCs into 43 

C/C composites is a more effective approach to meeting the requirements of thermal protection systems [11–15]. 44 
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HfC/SiC-modified C/C composites [16,17]. However, the ablation resistance of C/C-HfC-SiC composites is sig-45 

nificantly insufficient, constituting the core bottleneck limiting their reliable service under extremely high-temperature 46 

conditions. This deficiency in ablation resistance stems from two aspects: first, the HfO2 generated during HfC ablation 47 

undergoes a phase transformation upon cooling, causing volume expansion that leads to coating cracking and peeling, 48 

thereby losing its protective function; second, the HfO2 coating is porous and allows oxygen penetration, allowing ox-49 

ygen penetration to trigger oxidation of the carbon fibers and matrix, accelerating material failure [8,18]. Based on the 50 

above analysis, it is clear that forming a dense, continuous, and structurally stable protective layer in-situ on the com-51 

posite surface during ablation is essential. This approach of forming a dense, continuous, and structurally stable protec-52 

tive layer is key to overcoming the current ablation resistance limitations of C/C-HfC-SiC composites and improving 53 

their reliability under extreme conditions. 54 

Among various performance-tuning strategies, one-dimensional (1D) nanomaterials have proven promising can-55 

didates due to their unique structure and excellent physicochemical properties [19–21]. These materials serve as high-56 

performance reinforcements, effectively enhancing the overall properties of composite materials and ultra-high temper-57 

ature ceramics. Notably, carbide-based one-dimensional nanomaterials such as SiC [22], ZrC [23], and HfC [24] are 58 

extensively utilized to enhance ablation resistance in extremely high-temperature environments owing to their excellent 59 

thermal stability. For example, He et al. [25] fabricated C/C-ZrC-SiC composites reinforced with a SiC nanowire 60 

(SiCnw)/pyrocarbon (PyC) core-shell network by a multistep method of chemical liquid-vapor deposition (CLVD). The 61 

composite showed significantly reduced ablation rates during a 90-s oxyacetylene torch ablation test. At 2300 °C, the 62 

mass and linear ablation rates decreased by 66.18% and 57.55%, respectively. At 3000 °C, the rates were reduced by 63 

56.46% and 57.48%, respectively. Gu et al. [26] deposited a ZrC whisker-toughened ZrC coating on C/C composites 64 

using CVD technology. The ZrC whiskers played a critical role in enhancing the ablation resistance. In particular, they 65 

significantly improved the coating adhesion to the C/C substrate and promoted the formation of a dense oxide layer 66 

through the development of a ZrO2 skeleton during ablation. Consequently, the whisker-toughened coating exhibited a 67 

58.91% reduction in linear ablation rate compared to the pure ZrC coating. Ren et al. [27] investigated TaSi2-TaC-Si-68 

Si/SiC and Si-Mo-Cr/SiC coatings toughened by HfCNWs. After 30 thermal shock cycles between room temperature and 69 

1773 K, the HfCNWs-toughened coatings demonstrated excellent oxidation and thermal shock resistance. The mass loss 70 

of the toughened TaSi2-TaC-Si-Si/SiC and Si-Mo-Cr/SiC coating samples was reduced by 64.84% and 33.71%, respec-71 

tively. Among these, HfC nanomaterials are promising candidates for thermal structural materials used in ultra-high 72 

temperature environments. This is due to their high melting point (~3928 °C, higher than SiC and ZrC), high hardness 73 

(Vickers hardness: 26 GPa), and excellent chemical stability [28,29]. In recent years, catalyst-assisted pyrolysis of or-74 

ganometallic precursors has been widely adopted for preparing HfC nanomaterials due to its simplicity and efficiency 75 

[30,31]. For example, Zhang et al. [32,33] used Fe and Ni as catalysts to pyrolyze a hafnium-containing organometallic 76 

precursor, successfully growing HfCNWs on carbon fiber surfaces. The introduction of these HfCNWs into C/C composites 77 

was shown to enhance the material’s performance. However, the synthesis of such hafnium organometallic precursors 78 

often involves the use of Grignard reagents or n-butyllithium, which require harsh processing conditions and are costly 79 

[34,35]. Zhang et al. [36] reported a hydrothermal method using HfOCl2 as a raw material to prepare HfC whiskers. 80 

Although this method converts HfOCl2 into an organometallic precursor, the resulting product consists of solid particles. 81 

Subsequent whisker growth still requires the addition of NaF, Ni salts, and high-temperature treatment. Such solid-state 82 

precursors are not suitable for the in-situ growth of HfCNWs directly on carbon fiber surfaces. 83 

Therefore, the in-situ growth of HfCNWs within the carbon fiber matrix still poses significant challenges. Our re-84 

search group previously successfully synthesized HfCNWs using hafnium tetrachloride and furfuryl alcohol as the reac-85 

tion system [37]. However, systematic regulation of the content and morphology of HfCNWs inside carbon fibers has not 86 

yet been achieved. Nevertheless, the content and morphology of HfCNWs exert a crucial influence on the properties of 87 

C/C composites, and there remains a paucity of research on the regulatory mechanisms by which the content and mor-88 

phology of HfCNWs affect the properties of composites. Based on this, this paper employs hafnium tetrachloride as the 89 

hafnium source, furfuryl alcohol as the carbon source, and anhydrous ethanol as the solvent. By directly dissolving and 90 

uniformly mixing the raw materials to form a stable precursor solution, HfCNWs are synthesized in-situ within low-91 

density C/C composites. Further investigations were conducted on the effects of catalyst loading on the composition, 92 

structure, morphology, yield, and distribution of HfCNWs. Based on these findings, three types of C/C-HfC-SiC compo-93 

sites modified with HfCNWs were fabricated via the PIP process. The elemental distribution characteristics, phase com-94 

position, and microstructure of the ablation layer of HfCNWs modified C/C-HfC-SiC composites were investigated. The 95 

mechanisms by which the components of the ablation layer suppress oxidation ablation, resist high-speed gas flow erosion, 96 

and inhibit high-temperature volatilization were discussed, revealing their self-healing ablation-resistant mechanism. 97 
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2. Materials and Methods 98 

2.1. Materials 99 

A low-density carbon/carbon (C/C) composite preform with a density of 0.8 g/cm3 was used in this study. The 100 

carbon fiber preform was manufactured by Jiangsu Tianniao High-Tech Co, Ltd. (Yixing, China). Hafnium tetrachloride 101 

(HfCl4, AR grade) was procured from Aladdin Bio-Chemical Technology Co, Ltd. (Shanghai, China). Ethyl orthosili-102 

cate ((C2H5)4Si, AR grade) was obtained from China Aladdin Reagent Co, Ltd. (Shanghai, China). Furfuryl alcohol 103 

(FA, AR 98%) and nickel nitrate hexahydrate (Ni(NO3)2·6H2O, AR grade) were supplied by Sinopharm Chemical Re-104 

agent Co, Ltd. (Shanghai, China). Anhydrous ethanol (C2H5OH, 99.9%) and urea (CH4N2O, AR grade) were purchased 105 

from Dongguan Sparta Chemical Co, Ltd. (Dongguan, China). 106 

2.2. Preparation of C/C-HfC-SiC Composites 107 

Chemical vapor infiltration (CVI) was used to introduce 2–3 μm pyrolytic carbon (PyC) into carbon fiber preforms, 108 

resulting in low-density C/C composites with a 0.8 g/cm3 density. These composites were then subjected to ultrasonic 109 

treatment in pure water for 30 min and dried continuously at 80 °C for 2 h. Nickel catalyst was deposited on the surface 110 

of PyC-coated carbon fiber preforms via a hydrothermal method. A certain mass of Ni(NO3)2·6H2O and CO(NH2)2 was 111 

dissolved in 50 mL of pure water and thoroughly stirred to ensure complete dissolution. The molar ratio of Ni(NO3)2 to 112 

CO(NH2)2 is set to 2:3, with Ni(NO3)2 concentrations of 0.1 L/mol, 0.2 L/mol, and 0.3 L/mol. CO(NH2)2 is introduced 113 

as a precipitating agent to provide an alkaline environment for the hydrothermal process. The low-density C/C compo-114 

sites were immersed in the prepared catalyst solution and transferred into a hydrothermal autoclave for treatment at 115 

200 °C for 2 h. The treated composites were subsequently dried in an oven at 80 °C and further heat-treated at 500 °C 116 

for 2 h in a H2/Ar mixed atmosphere furnace to obtain low-density C/C composites loaded with Ni metal particles. By 117 

adjusting the concentration of Ni(NO3)2, the particle size of Ni metal particles on the carbon fiber surface can be pre-118 

cisely controlled between 0.3 and 5.0 μm. The low-density C/C composites loaded with Ni metal particles were desig-119 

nated as N1, N2, and N3, corresponding to their increasing Ni content. Subsequently, the hafnium source and carbon 120 

source were introduced into the nickel-loaded low-density C/C composites: first, 0.05 mol of HfCl4was dissolved in 50 121 

mL of C2H6O and stirred until a colorless homogeneous solution was formed; after stirring continuously at room tem-122 

perature for 30 min, FA was added as the carbon source. As stirring continued, the solution color changed from light 123 

green to dark brown, during which FA cross-linked to form polyfurfuryl alcohol (PFA), yielding a uniform PFA/Hf 124 

solution. The low-density C/C composites loaded with Ni were then immersed in the PFA/Hf solution for 30 min, 125 

removed, and cured in a 120 °C oven for 2 h. Finally, the sample is placed in an argon atmosphere furnace and subjected 126 

to heat treatment at 1500 °C for 2 h under a protective atmosphere, successfully preparing three types of C/C-HfCNWs 127 

composites with HfCNWs grown on the surface of carbon fibers. The composites were designated as HN1, HN2, and 128 

HN3, corresponding to N1, N2, and N3, which featured different loadings of Ni metal particles on the carbon fibers. 129 

The three types of C/C-HfCNWs composites were further densified using the PIP process. The specific preparation 130 

process is shown in Figure 1. The preparation of C/C-HfC-SiC composite materials employs the precursor pyrolysis 131 

method, with FA as the carbon source, HfCl4 as the hafnium source, (C2H5)4Si as the silicon source, and C2H6O as the 132 

solvent to prepare the precursor solution. First, 0.05 mol of HfCl4 and (C2H5)4Si were sequentially dissolved in 100 mL 133 

of C2H6O under continuous stirring to form a colorless transparent solution. After the solution cooled to room temper-134 

ature, 5 mL of FA was added dropwise to the solution under continuous stirring for 30 min until a dark brown precursor 135 

solution was formed. The three pre-prepared samples were immersed in the precursor solution under vacuum conditions 136 

for 30 min and then cured in an oven at 120 °C for 2 h. The cured samples were subjected to pyrolysis at 800 °C for 2 137 

h under an argon atmosphere. After repeating the impregnation–pyrolysis cycle twice, the samples were carbothermally 138 

reduced at 1600 °C for 2 h under an argon atmosphere. This entire process was repeated 7 to 10 times, during which 139 

the in-situ generated HfC and SiC ceramic phases gradually filled the internal pores of the material until the C/C–HfC–140 

SiC composites achieved full densification. The resulting samples HN1, HN2, and HN3 were designated as HSN1, 141 

HSN2, and HSN3, respectively. 142 
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 143 

Figure 1. Preparation process of HfCNWs modified C/C-HfC-SiC composites with different HfC/SiC ratios. 144 

2.3. Ablation Test 145 

Ablation tests were conducted using an oxyacetylene flame with a 2.4 MW/m2 heat flow density. The inner diam-146 

eter of the oxyacetylene torch nozzle was 2 mm, positioned at a stand-off distance of 10 mm from the sample surface. 147 

Three C/C-HfC-SiC composite samples (30 mm in diameter and 10 mm in thickness) were subjected to flame ablation 148 

for 60 s. The flow rates of O2 and C2H2 were maintained at 0.244 L/s and 0.167 L/s, with corresponding pressures of 149 

0.4 MPa and 0.095 MPa, respectively. During the experiments, the surface temperature of the samples was monitored 150 

using a two-color infrared thermometer (Raytek MR1SCSF, Raytek Corporation, Santa Cruz, CA, USA). The mass and 151 

linear ablation rates were calculated according to Equations (1) and (2), respectively. 152 

Rm = (m0 - m1)/∆t (1) 

Rl = (l0 - l1)/∆t (2) 

where m0 and m1 are the mass of the sample before and after ablation; l0 and l1 are the thickness of the sample before 153 

and after ablation, and Δt is the ablation time. 154 

2.4. Characterization 155 

The phase composition of the samples was characterized using X-ray diffraction (XRD, D8 ADVANCE-A25, 156 

Bruker, Karlsruhe, Germany). The morphology of the samples was observed using a scanning electron microscope 157 

(SEM, S-4800, Hitachi, Tokyo, Japan). The microstructure was analyzed using a transmission electron microscope 158 

(TEM, Tecnai G2 F20S-TWIN, ThermoFisher, Hillsboro, OR, USA). The porosity and density of the composites were 159 

measured using the Archimedes displacement method. Qualitative analysis of the elements in the samples was per-160 

formed using an X-ray fluorescence spectrometer (XRF, RIGAKU ZSX Priums, Rigaku Corporation, Tokyo, Japan). 161 

Real-time depth of field and three-dimensional images of the samples were observed using a super-depth-of-field mi-162 

croscope (SHM, D8 ADVANCE-A25, Keyence, Osaka, Japan). 163 

3. Results and Discussion 164 

3.1. Microstructure of HfCNWs and C/C-HfC-SiC Composites 165 
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Figure 2 shows the XRD patterns of C/C-HfCNWs composites prepared using different Ni loading levels as the Ni 166 

source at a heat treatment temperature of 1500 °C. The XRD patterns reveal that all samples exhibit sharp HfC charac-167 

teristic peaks at the diffraction positions corresponding to the standard card (PDF No. 65-8750), indicating the synthesis 168 

of well-crystallized cubic-phase HfCNWs. As the Ni loading increases, the intensity of the HfC diffraction peaks signif-169 

icantly enhances, while the diffraction peaks of HfO2 and C gradually weaken until they disappear. This trend in the 170 

XRD patterns confirms that Ni effectively catalyzes the carbon thermal reduction reaction, promotes the consumption 171 

of HfO2, and drives the growth of HfC crystals, thereby significantly increasing the yield of nanowires (consistent with 172 

the results in Figure 3(c4). 173 

Figure 3 shows the SEM images of carbon fibers with different Ni loadings after heat treatment at 500 °C (Fig-174 

ure 3(a1–c1)) and the as-prepared C/C-HfCNWs composites (Figure 3(a2,a3–c2,c3)). The Ni loading content of the three 175 

samples in Figure 3(a1–c1) was quantitatively analyzed using the density change method. The original low-density C/C 176 

substrate had a density of 0.8 g/cm3. After Ni deposition, the densities of the modified samples N1, N2, and N3 were 177 

0.812 g/cm3, 0.835 g/cm3, and 0.863 g/cm3, corresponding to Ni loading mass fractions of 1.50 wt%, 4.38 wt%, and 178 

7.88 wt%, respectively. 179 

 180 

Figure 2. XRD patterns of C/C-HfCNWs composites prepared with different Ni loadings. 181 

Further observation of the morphology of the samples after heat treatment at 500 °C revealed that the Ni particles 182 

on the surface of sample N1 were relatively small, with an average diameter of less than 0.5 μm (Figure 3(a1)). Sample 183 

N2 exhibited moderately sized Ni particles, approximately 1–3 μm in diameter (Figure 3(b1)). In contrast, the surface 184 

of sample N3, which had the highest Ni loading, was covered with a large number of Ni particles ranging from 2 to 185 

5 μm in size (Figure 3(c1)). 186 

After heat treatment at 1500 °C for 2 h, the morphology of the C/C-HfCNWs composites underwent significant 187 

changes. In the HN1 sample with the lowest Ni loading (Figure 3(a2,a3)), the yield of HfCNWs was low, with only 188 

sporadic distribution. Most of the HfC existed as bulk ceramic coatings on the fiber surface, and the nanowires were 189 

merely a few micrometers in length, indicating that the low Ni content was insufficient to effectively convert HfC 190 

ceramic into a nanowire structure. When the Ni loading increased to 4.38 wt% (HN2 sample, Figure 3(b2,b3)), the yield 191 

of HfCNWs increased significantly. HfC ceramic particles were observed to coexist between the fibers, with most nan-192 

owires growing from the same Ni particle, exhibiting a typical prismatic morphology and lengths of approximately 5–193 

10 μm. Figure 3(b4) indicates an average diameter of about 388 nm. As the Ni loading was further increased to 7.88 wt% 194 

(HN3 sample, Figure 3(c2,c3)), the HfCNWs showed an uneven, clustered distribution. The yield increased slightly, ac-195 

companied by the generation of a large number of nanoscale HfC particles. The average diameter of the nanowires 196 

increased to approximately 580 nm (Figure 3(c4)), while their length decreased to 2–5 μm, resulting in a shorter and 197 

thicker morphology. 198 
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The above results indicate that an appropriate amount of Ni can effectively promote the growth of HfCNWs. How-199 

ever, when the Ni content exceeds a critical value, the molten Ni aggregates at high temperatures to form larger alloy 200 

droplets. This aggregation of molten Ni into larger alloy droplets leads to a reduced saturation of the eutectic liquid 201 

phase, disrupts the vapor-liquid-solid (VLS) growth mechanism, and triggers multi-dimensional growth behavior. Con-202 

sequently, the aspect ratio of the nanowires decreases, and the formation of nanoscale HfC particles is promoted. 203 

Figure 4 shows the typical TEM microstructural characterization results of HfCNWs. Figure 4a displays a high-204 

resolution TEM image of the nanowires, exhibiting excellent crystalline quality and surface morphology, with a smooth 205 

surface and no obvious structural defects. Notably, a uniformly thick HfOC oxide layer (5–10 nm) was observed on the 206 

surface of the nanowires, which was analyzed to be caused by minor reactions between the sample and oxygen in the 207 

environment during cooling. The prepared HfCNWs exhibit high crystallinity, with clear lattice striations corresponding 208 

to the (111) crystal plane of face-centered cubic (fcc) HfC. Quantitative measurements show that the spacing of this 209 

crystal plane is 0.27 nm, which is in good agreement with the (111) crystal plane spacing of HfC (0.266 nm) in the 210 

standard card (JCPDS No. 39-1491), further validating the crystalline structure characteristics of the product. 211 

 212 

Figure 3. SEM images of (a1–c1) carbon fibers with different Ni loadings after heat treatment at 500 °C and (a2,a3–c2,c3) the 213 

resulting C/C-HfCNWs composites; (a4–c4) shows the corresponding diameter distribution of the HfCNWs in (a3–c3). 214 
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 215 

Figure 4. Microstructure of HfCNWs (a–c) TEM images; (d) Elemental distribution maps corresponding to C, Hf, and O elements. 216 

To further investigate the surface composition of HfCNWs and the chemical bonding between elements, XPS anal-217 

ysis was performed. Figure 5c shows the XPS spectrum of HfCNWs, clearly revealing characteristic peaks of Hf, C, and 218 

O, thereby elucidating the chemical composition of the surface and the bonding state between elements. The origin of 219 

the O element has two possible explanations: first, the formation of HfCxOy solid solutions during the carbon thermal 220 

reduction process; second, surface oxidation of the nanowires caused by oxygen-containing substances in the high-221 

temperature atmosphere furnace after the carbon thermal reduction process. Further detailed fitting analysis of the Hf 222 

4f and O 1s spectra was conducted to understand the bonding states of each element. The relevant results are shown in 223 

Figure 5a,b. Hf exhibits two bonding states: the Hf-C bond at 14.78 eV and the Hf-O bonds at 16.93 eV and 18.67 eV. 224 

The analysis of the O 1s spectrum indicates that oxygen primarily exists in two forms: amorphous oxygen at 532.4 eV 225 

and O-Hf bonds at 530.38 eV. This XPS analysis result suggests that the oxygen layer on the surface of HfCNWs primarily 226 

exists in the form of O-Hf bonds, with higher oxygen concentrations near the edges of the HfCNWs. 227 

 228 

Figure 5. XPS spectra of HfCNWs: (a) fitted Hf 4f; (b) fitted O 1s; (c) full spectrum. 229 

Figure 6 shows the phase analysis results of the three composites HN1, HN2, and HN3, after densification via the 230 

PIP process. The XRD patterns show that, compared to the samples before densification (Figure 2), the characteristic 231 

peaks of Ni have completely disappeared, indicating that during the high-temperature pyrolysis process, the polymer 232 

has been fully converted into HfC and SiC ceramic phases. The converted HfC phase exhibits significant crystallinity, 233 
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with the phase primarily consisting of well-crystallized HfC, while the diffraction signals of the SiC phase are relatively 234 

weak. However, weak HfO2 diffraction peaks are still detectable in the pattern, revealing that some HfO2 was not com-235 

pletely reduced during the carbon thermal reduction reaction. This phenomenon of incomplete HfO2 reduction may be 236 

related to factors such as temperature, reaction time, or insufficient carbon source supply during the densification process. 237 

 238 

Figure 6. XRD patterns of HfCNWs modified C/C-HfC-SiC composites after densification. 239 

Figure 7 shows the microstructure and energy dispersive spectroscopy (EDS) analysis of HfCNWs modified C/C-240 

HfC-SiC composites treated with PIP densification (corresponding samples HSN1, HSN2, HSN3). SEM observations 241 

(Figure 7(a1,a2)) indicate that the HSN1 sample exhibits homogeneous nucleation characteristics, with small and uni-242 

formly distributed HfC and SiC grain sizes, resulting in a relatively dense overall structure, with only a few localized 243 

microdefects. The HSN2 sample exhibits a heterogeneous nucleation mechanism (Figure 7(b1,b2)), where contraction 244 

stress during sintering leads to the formation of submicron-sized gaps. However, the pores formed by the accumulation 245 

of small-diameter nanowires (Figure 7(b2)) are fine and uniform, imparting strong capillary forces to the material. In 246 

contrast, the HSN3 sample undergoes continuous epitaxial growth and accelerated grain merging on the basis of heter-247 

ogeneous nucleation, resulting in noticeable cracks and pores (Figure 7(c1,c2)). Due to the large diameter of the nan-248 

owires, the large pore entrances are prematurely closed due to the preferential deposition of the precursor, significantly 249 

weakening the capillary forces and hindering the further penetration of the precursor into the pore interior. EDS energy 250 

dispersive spectroscopy analysis (Figure 7(a3–c3)) confirmed that the white phase is HfC. It revealed a complex mixed 251 

phase of Hf, C, Ni, and Si elements at the carbon fiber interface. This EDS analysis result indicates that significant 252 

interface reactions occurred during densification, with the original PyC layer being replaced by newly formed ceramic 253 

phases, ultimately forming a composite ceramic layer primarily composed of HfC and SiC around the fibers. However, 254 

as the sample evolved from HSN1 to HSN3, changes in process parameters induced coarsening growth of HfC grains 255 

and exacerbated the segregation of ceramic phases within the matrix. 256 

As shown in Figure 8, the porosity and bulk density data of the three composites indicate a clear correlation be-257 

tween the macroscopic properties of the materials and the microscopic morphological characteristics depicted in Figure 258 

7: The HSN1 sample exhibits a dense structure (containing only a small number of microdefects) due to the homoge-259 

neous nucleation characteristics of HfC and SiC grains with small and uniformly distributed grain sizes, corresponding 260 

to its lowest porosity of 20.43% and highest bulk density of 2.33 g·cm−3; The HSN2 sample exhibits submicron-sized 261 

gaps caused by sintering shrinkage and small pores formed by the accumulation of nanowires under heterogeneous 262 

nucleation mechanisms. Although the strong capillary forces imparted by the small pores can promote precursor pene-263 

tration, the additional pores still result in a significantly higher porosity and corresponding decrease in bulk density 264 

compared to HSN1. The HSN3 sample exhibited distinct cracks and pores due to continuous epitaxial growth and grain 265 

merging. The entrances to large pores were prematurely sealed due to preferential precursor deposition, weakening 266 

capillary forces, and obstructing internal penetration. Additionally, the increased size and reduced uniformity of HfC 267 

grains resulted in the highest porosity and lowest bulk density. Meanwhile, as the number of PIP cycles increases, the 268 

number of pores generated by the erosion of the PyC layer on the carbon fiber surface under Ni catalysis increases. 269 
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Although the HfC-SiC composite ceramic phase can partially fill such pores, the structural degradation from HSN1 to 270 

HSN3 dominates the overall trend of continuously increasing porosity and gradually decreasing bulk density. 271 

 272 

Figure 7. Microstructural morphology of HfCNWs modified C/C-HfC-SiC composites: (a1,a2) HSN1; (b1,b2) HSN2; (c1,c2) HSN3; 273 

(a3–c3) energy-dispersive X-ray spectroscopy (EDS) spectra of HSN2. 274 

 275 

Figure 8. Porosity and density of HfCNWs modified C/C-HfC-SiC composites. 276 

3.2. Ablation Behavior 277 

This study investigated the ablation resistance of three composites, designated as HSN1, HSN2, and HSN3, using 278 

oxygen-acetylene torch tests under a heat flux of 2.4 MW/m2 for 60 s. The macroscopic morphology and distribution 279 

of oxides after ablation are presented in Figure 9a. Based on macro-photographs obtained after ablation, the surface 280 

oxide coating coverage (area ratio) was quantitatively analyzed using Image J software (Version 1.53t). During testing, 281 

the ablation flame was perpendicular to the composite surface, resulting in the formation of oxide protective layers with 282 
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varying degrees of development, typically differentiated into central and peripheral regions. The area and integrity of 283 

the oxide layer can, to some extent, reflect the ablation resistance of the composites. According to macroscopic images 284 

and oxide layer distribution results, the oxide layer area ratio for the HSN1 composite was measured as 51.3%. Distinct 285 

ablation pits are observed in the central ablation zone of this material. High-speed, high-temperature gas flow expelled 286 

ablation products from the center to the transition region, suggesting that the HSN1 composite exhibits the lowest ab-287 

lation resistance among the samples. The oxide layer area of HSN3 composites is 56.8%. The oxide layer on the ablation 288 

surface is not continuous. It shows signs of cracking due to the oxide layer being peeled off by the ablation flame in the 289 

central region of the ablation surface. However, in the HSN2 composites, no obvious structural damage was observed 290 

at the ablation center, and the ablation surface was covered by an oxide layer with certain porosity and relative continuity, 291 

indicating that the HSN2 composites exhibit excellent ablation resistance under high-temperature conditions. Based on 292 

the above research results, the HSN2 composites formed a larger, more stable ablation protective layer during the 60-s 293 

ablation process. 294 

The XRD analysis results of the ablation surface materials (Figure 9b) indicate that the ablation products are pri-295 

marily composed of SiO2 and HfO2. The XRD spectrum of the HSN2 composites exhibits higher-intensity SiO2 and 296 

HfSiO4 diffraction peaks compared to the other two composites. HfSiO4 is a high-viscosity, low-volatility substance 297 

that can stabilize HfO2 during ablation, thereby helping to suppress phase transformations and volume expansion during 298 

cooling. This indicates that during ablation, the sample can more effectively retain Si elements on the ablation surface, 299 

participating in the formation of a protective oxide layer, which is manifested macroscopically as a larger oxide cover-300 

age area (Figure 9a). 301 

Based on the three-dimensional morphology of the ablation surface, we conducted a quantitative comparison of 302 

the ablation depth, linear ablation rate (LAR), mass ablation rate (MAR), and temperature evolution curves for the three 303 

composites HSN1, HSN2, and HSN3 (Figure 10a–c). Analysis of the surface topography curves indicates that the oxi-304 

dation layer of HSN1 composites has significantly insufficient erosion resistance, as evidenced by the formation of 305 

prominent ablation pits on the surface (Figure 10a), resulting in a much higher amplitude of depth fluctuations in its 306 

surface topography curve compared to HSN2 and HSN3. Such structural defects exacerbate the oxidation reaction be-307 

tween the ceramic matrix and carbon fibers. In contrast, the surface roughness curve of HSN2 is smoother, indicating 308 

the formation of a more uniform and complete oxide layer. This oxide layer not only hinders oxygen diffusion but also 309 

resists the shear peeling effect of high-speed gas flow. 310 

 311 

Figure 9. (a) Macro morphology and corresponding oxide layer distribution of HfCNWs modified C/C-HfC-SiC composites after 312 

ablation; (b) XRD patterns. 313 

Erosion resistance performance analysis shows that the three composites exhibit significantly differentiated erosion 314 

behavior (Figure 10b). The HSN1 sample exhibits the highest linear ablation rate (21.43 µm/s) and mass ablation rate 315 

(1.31 mg/(s·cm2)), which is closely related to the porous oxide layer structure formed on its surface. Figure 10a shows 316 

that this sample simultaneously exhibits intense volatilization of SiO2 and discontinuous peeling of the HfO2 oxide layer 317 

during ablation. In contrast, HSN2 demonstrated the most outstanding ablation resistance, with linear ablation rates 318 

(5.50 µm/s) and mass ablation rates (0.47 mg/(s·cm2)) reduced by 74.3% and 64.1%, respectively, compared to HSN1. 319 

Microstructural characterization (Figure 10b) confirmed that this performance improvement was primarily attributed to 320 

the formation of a complete and dense oxide protective layer during ablation, which effectively blocked oxygen diffu-321 

sion into the substrate and facilitated a gradual transition from the ablation edge to the center. 322 
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Notably, the ablation resistance of the HSN3 sample lies between that of HSN1 and HSN2, with its linear ablation 323 

rate (6.25 µm/s) and mass ablation rate (0.88 mg/(s·cm2)) increasing by 13.6% and 87.2%, respectively, compared to 324 

HSN2. Based on the microstructural analysis in Figure 7(c2), this performance degradation can be attributed to the 325 

porous structure formed within the material due to the increased diameter of the nanowires. This pore network provides 326 

pathways for oxygen diffusion, leading to sustained oxidative reactions within the material. Nevertheless, the ablation 327 

performance of HSN3 remains significantly superior to that of HSN1, confirming the positive role of HfCNWs in en-328 

hancing the material’s ablation resistance. 329 

Figure 10c shows the temperature change curves of the three composites HSN1, HSN2, and HSN3 in the ablation 330 

center region. Within the initial 0 to 30 s of ablation, the surface temperature of the material exhibits a sharp increase, 331 

which is attributed to the exothermic oxidation reaction between HfC and SiC. However, the initially formed oxide 332 

layer is not yet continuous, resulting in poor thermal insulation of the substrate and rapid heat accumulation. Once the 333 

oxide layer forms, the rise in temperature slows down and gradually stabilizes. Ultimately, the peak surface tempera-334 

tures of HSN1, HSN2, and HSN3 were measured to be 2412 °C, 2302 °C, and 2346 °C, respectively. Compared to 335 

HSN1, the increased presence of HfCNWs significantly suppresses the rise in surface temperature during ablation. The 336 

core mechanism lies in the fact that HfCNWs act as miniature heat pipes embedded in the matrix, establishing anisotropic, 337 

efficient heat transport pathways that rapidly redirect concentrated surface heat flows into the material’s interior, pre-338 

venting localized heat accumulation. This efficient heat transport mechanism also explains why the oxide layer coverage 339 

of HSN2 and HSN3 is broader than that of HSN1. However, the peak temperature of HSN3 is slightly higher than that 340 

of HSN2, primarily because the large spacing between HfCNWs with larger diameters results in discontinuous heat flow 341 

paths, making it easier for heat to accumulate on the surface. In contrast, the smaller-diameter HfCNWs in HSN2 form 342 

denser and more uniformly distributed heat conduction channels, thereby achieving more efficient heat dissipation. 343 

 344 

Figure 10. (a) Super-depth-of-field image; (b) ablation rate diagram; (c) temperature evolution curve diagram of HfCNWs modified 345 

C/C-HfC-SiC composites after ablation. 346 

To further elucidate the mechanisms underlying the influence of different microstructures on ablation behavior, 347 

we conducted a detailed SEM analysis of the morphological differences in the ablation centers of HSN1, HSN2, and 348 

HSN3. The microstructures and EDS spectra of the ablation centers of the three composites are shown in Figure 11. In 349 

the ablation center regions, areas of oxide peeling and oxide retention were observed. Figure 11a shows the oxide 350 

peeling region of HSN1. Due to the highest temperature and most severe mechanical erosion in the ablation center 351 



High-Temperature Materials 2025, 2, 10021 12 of 16 

 

region, the carbon fibers have been almost completely eroded by the ablation flame. As shown in Figure 11(a3), the 352 

SEM analysis indicates that the connectivity and mechanical integrity of the HfO2 framework have been damaged, with 353 

pore sizes ranging from 5 to 15 μm, forming micron-sized open channels that provide pathways for rapid oxygen dif-354 

fusion and continued oxidation of the carbon fibers. Under the action of high-speed flames, molten SiO2 is blown away, 355 

forming holes and cracks. Although HfO2 nanowires (HfO2NWs) can resist mechanical erosion from high-speed flames 356 

and act as a thermal barrier, due to the low content of nanowires, there is insufficient molten SiO2 to fill the holes, and 357 

the loose network structure severely limits the ability to block oxygen penetration. On the ablated surface of HSN2 358 

(Figure 11b), HfO2NWs intertwine with oxides to form a protective layer on the carbon fiber surface, effectively prevent-359 

ing direct flame erosion of the fibers. EDS analysis of Spot C in Figure 11(a3) reveals no residual Si phase, suggesting 360 

that under high-temperature and high-pressure conditions, HfCNWs decompose into HfO2 particles that fill the pores, 361 

with some melting and intertwining to form a network-like skeletal structure, which demonstrates excellent shear re-362 

sistance. Figure 11(b2) further shows that the oxide framework formed by HfO2NWs not only acts as an anchor for the 363 

liquid phase but also bridges pores and cracks to inhibit their propagation, exhibiting excellent shear resistance. This 364 

structure significantly enhances the stability of the ablation layer, drastically reduces oxygen diffusion pathways, and 365 

consequently lowers the mass ablation rate. Combined with the EDS results in Figure 11(b4), the densely formed Hf-366 

Si-O glass phase protective layer synergistically interacts with HfO2NWs and HfO2 particles, enabling HSN2 to exhibit 367 

outstanding ablation resistance. The ablation surface of HSN3 (Figure 11c) exhibits a discontinuous oxide distribution 368 

with pores, indicating severe ablation damage, with the oxide layer forming a porous HfO2 structure. High-magnifica-369 

tion morphology observations reveal that the aspect ratio of HfCNWs decreases after oxidation to HfO2NWs. This structural 370 

change is attributed to the diffusion and rearrangement of surface atoms under ultra-high-temperature and oxygen-rich 371 

conditions. Consequently, gaps of 1–5 μm exist between the resulting HfO2NWs. The limited specific surface area and 372 

increased curvature radius of these short, thick nanowires lead to a low network density upon interlocking. Such a low-373 

density network is unable to effectively constrain the coarsening and growth of HfO2 particles during sintering, ulti-374 

mately resulting in a loose and porous morphology. Additionally, the insufficient amounts of SiO2 and HfSiO4 cause 375 

the oxide layer to lose its self-healing ability for the gaps, further exacerbating erosion damage. 376 

 377 

Figure 11. Microstructural morphology of the ablation center zone (a1,a2) HSN1; (b1,b2) HSN2; (c1,c2) HSN3; ablation center 378 

cross-section (a3–c3) and EDS spectra (a4–c4) of HSN1-HSN3 for HfCNWs modified C/C-HfC-SiC composites. 379 

Figure 12 shows the TEM image of oxide particles in the melted layer at the ablation center of HfCNWs modified 380 

C/C-HfC-SiC composites under the HSN2 ratio. Figure 12a shows that the diameter of the oxide particles is around 200 381 

nm. Figure 12d–f shows the EDS mapping analysis of the oxide particles, which indicates that the oxide particles are 382 

mainly composed of Hf, Si, and O elements. The interplanar spacing of the oxide particles is 0.329 nm (Figure 12b), 383 
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corresponding to the interplanar spacing of the (200) crystal plane of HfSiO4. Based on the selected area electron dif-384 

fraction in Figure 12c, the oxide particles are identified as polycrystalline HfSiO4. 385 

 386 

Figure 12. TEM images of oxide particles in HfCNWs modified C/C-HfC-SiC composites: (a) TEM image; (b) HRTEM; (c) selected 387 

area electron diffraction pattern of (b); (d–f) EDS energy dispersive spectra. 388 

3.3. Ablation Resistance Mechanism 389 

During the oxygen-acetylene ablation process, HfCNWs/C/C-HfC-SiC composites modified with different Ni load-390 

ings (HSN1, HSN2, HSN3) exhibit significant differences in ablation resistance, primarily attributed to the structural 391 

evolution of their oxide layers and variations in erosion resistance. The schematic diagram illustrating the morphological 392 

and microstructural evolution mechanisms under oxygen-acetylene ablation is shown in Figure 13. 393 

Owing to its inferior resistance to mechanical erosion, the porous oxide scale on HSN1 spalled off rapidly under 394 

the high-temperature gas flow during the initial ablation stage. This oxide scale primarily consisted of HfO2 and SiO2 395 

formed from the oxidation of HfC and SiC. The SiO2 in the ablation center region is extensively consumed due to 396 

evaporation and erosion, leaving only a loose, porous HfO2 skeletal structure. This skeleton undergoes structural dam-397 

age under thermal shock and phase transformation stresses, with the resulting flaking and formed pores providing path-398 

ways for oxygen intrusion, promoting internal oxidation of the material, and thus exhibiting the weakest ablation re-399 

sistance. 400 

In contrast, HSN2 benefits from a dense HfCNWs network structure and a robust HfO2 porous skeleton formed by 401 

the oxidation of HfC particles, enabling its ablation core region to effectively resist mechanical erosion and thermal 402 

shock. The dense HfO2 skeleton confers excellent resistance to flaking and inhibits the volatilization of molten SiO2. 403 

Under high-temperature conditions, the SiO2 liquid phase further fills defects in the HfO2 framework, promoting the 404 

formation of high-viscosity, low-volatility HfSiO4 through solid-liquid phase reactions, thereby enhancing the stability 405 

of the HfO2(s)-SiO2(l) system. The resulting HfSiO4 has a high viscosity, enabling it to flow and fill the spaces between 406 

HfO2 grains [17,38]. This not only seals structural defects caused by phase transitions but also significantly enhances 407 

the overall densification of the oxide layer. Additionally, the HfCNWs network structure forms efficient heat transfer 408 

channels within the ablation layer, reducing surface temperature and alleviating thermal stress accumulation, thereby 409 

significantly improving the material’s ablation resistance. 410 

For HSN3, the larger diameter of HfCNWs leads to increased internal voids, forming a loose network structure. 411 

During ablation, this structure cannot effectively bind ceramic particles, resulting in insufficient density of the generated 412 

HfO2 framework and difficulty in blocking oxygen diffusion. Additionally, at high temperatures, the viscosity of molten 413 

SiO2 decreases, making it susceptible to erosion by high-speed gas flows. This results in incomplete solid-liquid phase 414 

reactions between HfO2 and SiO2, reducing HfSiO4 formation. Consequently, the ablation center of HSN3 exhibits a 415 

porous oxide layer, with ablation resistance significantly inferior to that of HSN2. 416 
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In summary, the superior ablation resistance of HSN2 stems from its dense HfCNWs network structure, robust HfO2 417 

framework, and HfSiO4 formation, while HSN1 and HSN3 exhibit reduced ablation resistance due to insufficient me-418 

chanical strength and structural porosity, respectively, leading to protective layer failure. The developed HSN2 compo-419 

site demonstrates great potential for application in thermal protection systems of hypersonic vehicles. Future work will 420 

focus on optimizing its high-temperature stability under prolonged exposure and scaling up the manufacturing process 421 

for industrial production. 422 

 423 

Figure 13. Schematic diagram of the ablation mechanism of HfCNWs modified C/C-HfC-SiC composites. 424 

4. Conclusions 425 

This study employed a hafnium tetrachloride-furfuryl alcohol-ethanol polymer as a precursor and utilized Ni as a 426 

catalyst to grow HfCNWs in-situ within low-density C/C composites. Three C/C-HfC-SiC composites were subsequently 427 

fabricated via the PIP process. 428 

1. With an increasing concentration of the Ni precursor, the Ni loading on the carbon fiber surface rose concomitantly 429 

from 1.50 wt% to 7.88 wt%. Correspondingly, the morphology of the deposited nickel evolved from submicron-430 

sized particles into a continuous micron-scale coating (2–5 μm) that fully encapsulated the fibers. 431 

2. The Ni loading level dictates the morphology and yield of the HfCNWs. An increase in Ni loading from 1.50 wt% 432 

to 4.38 wt% transforms the nanowires from a sparse, slender geometry (diameter: ~364 nm, length: <10 μm) to a 433 

high-density, multi-oriented network, with lengths extending to 20–50 μm. Conversely, a further increase to 7.88 434 

wt% leads to the coalescence of excess Ni into large alloy droplets at high temperatures, which promotes the growth 435 

of short, thick nanowire clusters (diameter: ~580 nm, length: 5–10 μm) alongside a considerable amount of granular 436 

by-products, thereby markedly diminishing the overall aspect ratio. 437 

3. The ablation performance of the material is directly linked to the yield and structure of the HfCNWs. At a Ni loading 438 

of 4.38 wt%, a HfCNWs network formed within the composite, which transformed into a continuous HfO2 skeleton 439 

during ablation, effectively resisting high-speed gas flow scouring. Simultaneously, molten SiO2 infiltrated this 440 

skeleton and reacted to form a high-viscosity HfSiO4 phase, sealing microcracks and pores. This synergistic effect 441 

significantly enhanced the density and stability of the oxide layer, resulting in the optimal ablation resistance (mass 442 

ablation rate: 0.47 mg·s−1·cm−2; linear ablation rate: 5.50 μm·s−1). In contrast, a low Ni loading (1.50 wt%) yielded 443 

sparse and slender nanowires, which were insufficient to form a protective layer, leading to the highest ablation 444 

rates. Conversely, a high Ni loading (7.88 wt%) resulted in coarsened nanowires with a low aspect ratio, producing 445 

a porous HfO2 framework that provided pathways for oxygen diffusion. 446 

4. This work elucidates the influence of the quantity and diameter of HfCNWs on the ablation resistance of the composite. 447 

It confirms that introducing a HfCNWs network within a specific range of density and diameter is pivotal for forming 448 

a self-healing, highly stable oxide layer. This study provides a foundation for the design of HfCNWs-reinforced C/C-449 

HfC-SiC composites, thereby facilitating their engineering application in aerospace thermal protection systems. 450 
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