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Abstract

:

In this paper, we aimed to improve the oxidation and ablation resistance of carbon fiber-reinforced carbon (CFC) composites at temperatures above 2000 °C. C/C–SiC–ZrB2 ultra-high temperature ceramic composites were fabricated through a complicated liquid–solid reactive process combining slurry infiltration (SI) and reactive melt infiltration (RMI). A liquid Si–Zr10 eutectic alloy was introduced, at 1600 °C, into porous CFC composites containing two kinds of boride particles (B4C and ZrB2, respectively) to form a SiC–ZrB2 matrix. The effects and mechanism of the introduced B4C and ZrB2 particles on the formation reaction and microstructure of the final C/C–SiC–ZrB2 composites were investigated in detail. It was found that the composite obtained from a C/C–B4C preform displayed a porous and loose structure, and the formed SiC–ZrB2 matrix distributed heterogeneously in the composite due to the asynchronous generation of the SiC and ZrB2 ceramics. However, the C/C–SiC–ZrB2 composite, prepared from a C/C–ZrB2 preform, showed a very dense matrix between the fiber bundles, and elongated plate-like ZrB2 ceramics appeared in the matrix, which were derived from the dissolution–diffusion–precipitation mechanism of the ZrB2 clusters. The latter composite exhibited a relatively higher ZrB2 content (9.51%) and bulk density (2.82 g/cm3), along with lower open porosity (3.43%), which endowed this novel composite with good mechanical properties, including pseudo-plastic fracture behavior.
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1. Introduction


Carbon fiber-reinforced carbon (CFC) composites have been widely used in aerospace industries due to their low density and coefficient of thermal expansion, together with their high mechanical strength and excellent thermal shock resistance [1,2]. However, CFC composites are very vulnerable to oxidizing atmospheres over 400 °C, which limits their applications in extreme environments [3]. To effectively enhance the oxidation and ablation resistance of CFC composites at temperatures above 2000 °C, the effects of SiC combined with Zr-based or Hf-based ultra-high temperature ceramics (UHTCs) have been intensively studied [4,5,6]. Several methods of introducing SiC-UHTC ceramics into CFC composites have been investigated, such as polymer infiltration and pyrolysis (PIP) [7], slurry infiltration (SI) [8], chemical vapor infiltration (CVI) [9], and reactive melt infiltration (RMI) [10], in which the RMI process shows the obvious advantages of high densification efficiency and low cost, and is appealing in the manufacturing of low porosity composites with various geometries [11].



Up until now, numerous efforts have been devoted to infiltrating Si or Zr into CFC composites to prepare C/C–SiC or C/C–ZrC composites, respectively [12,13,14,15,16]. However, due to the poor ablation resistance of C/C–SiC, and the weak oxidation resistance of C/C–ZrC, neither of them is suitable to use alone in hypersonic aircrafts. Some studies have demonstrated that infiltrating a Si–Zr alloy to modify CFC composites can simultaneously take advantage of SiC and ZrC ceramics [10]. The ZrO2 skeleton generated by ZrC oxidation exhibits a high melting point (~2700 °C) and extremely low vapor pressure. The SiO2 layer, produced from SiC oxidation, transits to a glassy state above 1175 °C and shows sluggish oxygen diffusion through it. The ZrO2 skeleton is covered by a glassy SiO2 layer, which can cooperatively inhibit the oxygen corrosion of the matrix [17]. Moreover, Si–Zr intermetallic compounds, which partially or completely replace residual Si, can further improve the working temperature limited by the Si softening. Tong et al. modified CFC preforms via RMI with a Si–Zr10 eutectic alloy below 1600 °C, but the enhancement in the ablation resistance of the as-fabricated C/C–SiC composites is finite because of a low ZrC content [18,19,20]. By infiltrating the Si0.87Zr0.13 alloy into porous CFC preforms at 1800 °C, Wang et al. obtained C/C–SiC–ZrC composites with a high strength, due to the gradient structure of the SiC–ZrC matrix [10]. Chen et al. firstly used carbon fabric to prepare C/B4C–C preforms by sol-gel and SI, and then fabricated C/ZrC–ZrB2–SiC composites after the infiltration of ZrSi2 melt into the preforms at 1850 °C. They also investigated the effects of preform pore structure on infiltration kinetics [21]. As aforementioned, in order to introduce more ZrC or ZrB2, hypereutectic Si–Zr alloys are mainly used as the infiltrant, which leads to very high temperatures ( ≥ 1800 °C) in the RMI process. However, such high temperatures will increase the uncontrollability during RMI, and eventually result in the following two problems: fiber erosion and infiltration channel chocking [22,23]. Lowering the temperatures of the RMI process can not only reduce the degradation of carbon fibers, but also decrease the cost of preparation.



Therefore, in this study, the C/C–SiC–ZrB2 composites with a higher ZrB2 content were expected to be fabricated at a relatively low temperature, by a combined process of SI and RMI. The porous C/C–B4C and C/C–ZrB2 preforms prepared by SI were infiltrated with the Si–Zr10 eutectic alloy at 1600 °C to achieve C/C–SiC–ZrB2 composites. The SiC matrix was formed by the reaction between C and Si during the RMI process, while the ZrB2 matrix was obtained by in situ generation from the reaction of B4C and Si–Zr10 melt, or by direct introduction via ZrB2 slurry impregnation. The effects of B4C and ZrB2 particles on the microstructural evolution of C/C–SiC–ZrB2 composites were investigated, and the formation mechanism of the SiC–ZrB2 matrix was summarized by schematic diagrams. This study provides guidance on the fabrication of C/C–SiC–ZrB2 composites with a higher ZrB2 content by Si–Zr alloy infiltration at a relatively mild temperature.




2. Materials and Methods


The fabrication procedure of C/C–SiC–ZrB2 composites is schematically shown in Figure 1. The density and fiber volume of two-dimensional porous CFC skeletons prepared by CVI are 0.90 g/cm3 and 17.6%, respectively. B4C and ZrB2 aqueous slurries were prepared as follows: the dispersant was firstly dissolved in deionized water, then B4C powder (average particle size: 0.5 μm, purity: 99.5%; Bike Nano Technology Company, Shanghai, China) and ZrB2 powder (average particle size: 0.7 μm, purity: 98.0%; China New Metal Materials Technology Co., Ltd, Beijing, China) were added into the dispersant solution, followed by planetary ball milling with ZrO2 balls for 10 h. Subsequently, CFC skeletons were vacuum impregnated (VI) with B4C slurry or ZrB2 slurry, and dried at 120 °C. After repeating the above infiltration steps for three and seven cycles, C/C–B4C and C/C–ZrB2 preforms were obtained. Then, these two preforms were infiltrated by phenolic resin (THC-800, purity: 95.0%; Shaanxi Taihang Fire Retardant Polymer Co., Ltd., Xi’an, China) ethanol solution to supply carbon source and fix the boride particles, followed by pyrolysis at 1000 °C and thermal treatment at 1600 °C. Finally, C/C–SiC–ZrB2 composites were produced in a vacuum furnace by infiltrating Si–Zr10 melt into the preforms at 1600 °C for 1 h. Here, the composite obtained from the C/C–B4C preform is marked as B4C-composite, and the other is marked as ZrB2-composite.



The density and open porosity were measured by Archimedes’ method. The phase compositions were characterized by using X-ray diffraction (XRD, mode: X’ PERT PRO MPD, PANalytical B.V., Holland) from 5° to 90° (2θ) with Cu Kα radiation (λ = 1.54 Å, 40 KV, 40 mA). The phase volume fractions of the composites were estimated by X-ray fluorescence (XRF, mode: Axios, PANalytical B.V., Almelo, Holland) of oxidized samples. The microstructures of different specimens were analyzed by scanning electron microscopy (SEM, mode: JSM-7001F, JEOL, Tokyo, Japan) and the elemental analysis was conducted by energy dispersive spectroscopy (EDS, mode: INCA X-MAX, Oxford Instruments, Abingdon, UK). The size distributions of ceramic particles were obtained from SEM images. At least 100 congener particles were selected from random areas to reduce the error of statistical analysis. The flexural strength of the samples with a dimension of 40.0 mm × 4.2 mm × 3.2 mm was measured by a three-bending test on universal testing machine (MTS, Mechanical Testing & Simulation, Eden Prairie, MN, USA), with a span of 30.0 mm and a loading rate of 0.5 mm/min.




3. Results and Discussion


3.1. Microstructural Characterization of the C/C–SiC–ZrB2 Composites


The properties of the C/C–B4C and C/C–ZrB2 preforms are listed in Table 1. Owing to the lower density of B4C (2.52 g/cm3) when compared with ZrB2 (6.1 g/cm3), the B4C slurry, with the same mass fraction as the ZrB2 slurry, has relatively higher viscosity and larger flow resistance. Thus, the C/C–B4C preform, with similar open porosity to the C/C–ZrB2 preform, can be achieved after fewer cycles of B4C slurry infiltration. Figure 2 displays the SEM images for the polished cross-sections of these two preforms. As shown in Figure 2a,c, both preforms show similar microstructures, and there are many scattered pores between the fiber bundles. The gaps in the concentrated areas of the fiber bundles are occupied by pyrolytic carbon layers with a thickness of ~6 μm, while the voids among the loose areas of the fiber bundles are filled with a B4C–C or ZrB2–C mixture. In addition, the micro-cracks observed in the B4C–C and ZrB2–C mixtures can provide infiltration channels for the Si–Zr10 alloy (Figure 2b,d).



As demonstrated in Table 1, after infiltrating the Si–Zr10 alloy into the porous preforms, the density and open porosity of the as-fabricated B4C-composite are 1.98 g/cm3 and 18.04%, respectively, while those of the ZrB2-composite are 2.82 g/cm3 and 3.43%, respectively. The cross-sectional morphologies and detailed microstructures of the C/C–SiC–ZrB2 composites are shown in Figure 3. The B4C-composite shows a loose and porous structure, which is consistent with its low density (Figure 3a). The reasons for the loose structure of the B4C-composite can be mainly concluded in the following two aspects: firstly, it is easy to form a dense B4C layer near the surface of the C/C–B4C preform during the SI process, on account of the higher solid content of the slurry; secondly, the SiC–ZrB2 matrix formation reaction from the Si–Zr10 melt and B4C–C is intensely exothermic, and the thermal expansion coefficients of ZrB2 (6.2 × 10−6 K−1) and SiC (4 × 10−6 K−1) are higher than that of carbon (2–4 × 10−6 K−1) [24,25]. The volume expansion caused by in situ generated SiC–ZrB2 ceramics may further reduce, or even block, the infiltration channels of the melt. To further investigate the microstructure of B4C-composite, EDS analysis was carried out at the compact region between the fiber bundles (Figure 3c,e,g). There is only a continuous SiC layer near the B4C–C mixture, and some isolated ZrB2 particles, less than 1 µm, are dispersed in the SiC ceramic, far away from the SiC layer. When close to the center of the matrix, tens of micron-sized irregular ZrB2 particles are connected into a monolithic ZrB2 ceramic, which suggests that the distributions of in situ synthesized SiC and ZrB2 are not uniform at a micro-scale level. Moreover, there are strip-shaped residual alloys with a composition that is close to ZrSi2 in the center of the matrix.



In contrast, the ZrB2-composite presents a denser microstructure, where several closed micro-pores can only be observed in intra-bundle regions (Figure 3b). According to EDS analysis (Figure 3f), the matrix in the ZrB2-composite mainly consists of a continuous grey SiC phase, a white plate-like ZrB2 phase, and a rough white bulk ZrSi2 phase. Figure 3d further shows that the ZrB2–C mixture successfully transforms into a SiC–ZrB2 matrix after the RMI process. Compared with the B4C-composite, a continuous SiC layer is also formed closest to the carbon matrix in the ZrB2-composite, and plate-like ZrB2 ceramics are more scattered (Figure 3d). The voids between the plate-like ZrB2 particles are mostly filled with the generated SiC ceramic. Besides that, the bulk ZrSi2 alloy is distributed along the region that is rich in ZrB2 (Figure 3f). Figure 2d and Figure 3f further show that, after infiltration, the number of ZrB2 particles declines, but the size of them increases significantly. The particle size distributions of ZrB2 powder in the C/C–ZrB2 preform and ZrB2-composite are shown in Figure 4. On the whole, ZrB2 in the preform is near-spherical, and the average size of larger particles is about 1.91 ± 0.44 μm (Figure 2d and Figure 4a), while, after RMI, most of them grow into elongated plate-like particles with an average size of 7.36 ± 3.98 μm in the long axis direction (Figure 3f and Figure 4b).



Figure 5 displays the XRD patterns of the C/C–B4C and C/C–ZrB2 preforms before and after the RMI process. The B4C-composite consists of SiC, ZrB2, residual ZrSi2 alloy, unreacted B4C, and amorphous C (Figure 5a). The result reveals that only the part of Zr in the Si–Zr10 alloy has been converted to ZrB2, by reacting with B4C, which conforms to the microscopic observation in Figure 3c and the low ZrB2 content (1.47%) in Table 1. The diffraction peaks of the ZrB2-composite mainly belong to the ZrB2 and SiC phases (Figure 5b). In addition, residual Si, the ZrSi2 phase, and a small amount of the ZrC phase are also detected. By analyzing the phase composition changes during the preparation procedure of the ZrB2-composite, it is found that during the pyrolysis and carbonization of the phenolic resin at 1000 °C, slightly oxidized initial ZrB2 particles are further oxidized to form m-ZrO2. Then, ZrO2 is turned into ZrC by carbothermal reduction with solid carbon in the process of heat treating at 1600 °C.




3.2. Microstructural Evolution and Formation Mechanism of the C/C–SiC–ZrB2 Composites


The target of preparing C/C–SiC–UHTC composites is to achieve a compact composite with a homogeneously distributed ceramic matrix and high UHTC content. Therefore, investigating the microstructural evolution and formation mechanism of C/C–SiC–ZrB2 composites is conducive to optimizing the preparation conditions and improving the performance of the composites. In this work, the fabrication of C/C–SiC–ZrB2 composites is mainly based on the following liquid–solid chemical reaction:


Si + C = SiC



(1)






Zr + C = ZrC



(2)






Zr + 2B = ZrB2



(3)






Zr + 2Si = ZrSi2



(4)







The Gibb’s free energy change of these reactions, calculated by thermodynamics in the standard state, is shown as a function of temperature in Figure 6, which proves that each reaction is thermodynamically feasible. On the basis of microstructural characterization of the composites, their reaction ability, and the phase diagrams among the Si–Zr–C–B system, the microstructural evolution and formation mechanism of the SiC–ZrB2 matrix is summarized in Figure 7.



As shown in Figure 7a, firstly, with the infiltration of molten Si–Zr10 into the C/C–B4C preform, by capillary force, C and B atoms in the B4C–C mixture dissolve into the alloy. Owing to the low Zr content in the Si–Zr10 eutectic alloy, the saturated solubility of C and B in the Si–Zr10 melt is close to that in pure Si melt. In terms of the Si–C and Si–B binary phase diagrams, the solubility of C is much lower than that of B in the Si melt at 1600 °C [26,27]. Thus, C atoms preferentially become saturated and react with enough Si, according to Equation (1), forming a continuous SiC layer. Then, the SiC layer separates the B4C–C mixture from the melt, and the further formed SiC–ZrB2 matrix is mainly controlled by the diffusion of C and B atoms through the layer [28]. Secondly, B atoms that can only be consumed by Zr atoms reach saturation. Figure 6 demonstrates that Equation (3) is more favorable than Equation (2) because of a more negative Gibb’s free energy change, revealing that Zr prefers to react with B to form ZrB2 via Equation (3). Therefore, the nucleation and precipitation of ZrB2 grains occur in the melt. Thirdly, along with the continuation of the RMI process, the ZrB2 grains coalesce and grow, forming a monolithic ZrB2 ceramic. Finally, during the cooling process, with the gradual decrease in the saturated solubility of C and B atoms, the SiC and ZrB2 ceramics further precipitate out, in which SiC is dominant because of a relatively higher Si content in the superfluous melt. Some ZrB2 grains cannot migrate to the surface of the monolithic ZrB2 ceramic in time, and become isolated particles in the SiC matrix [29]. In the areas far away from the B4C–C mixture, since C and B atoms have not diffused out, strip-shaped ZrSi2 is generated via Equation (4) and separates out from the superfluous melt. Therefore, it can be concluded that the uneven SiC–ZrB2 distribution in the B4C-composite is primarily due to the asynchronous generation of SiC and ZrB2 ceramics. In addition, the incomplete transformation from a Si–Zr10 alloy to a SiC–ZrB2 matrix is attributed to the low diffusion coefficients of B and C atoms through the SiC layer.



Correspondingly, the structural evolution mechanism of the ZrB2-composite is shown in Figure 7b. First, after infiltrating the molten Si–Zr10 alloy into the C/C–ZrB2 preform, C atoms dissolve and become saturated quickly. A continuous layer, rich in SiC ceramic, is preferentially formed via Equation (1) because of the much higher Si content in the Si–Zr10 alloy. After that, the ZrB2 particles, without the fixation of resin carbon, are rearranged and aggregated together to form larger clusters under the surface tension of the melt. As a previous study reported, ZrB2 has highly covalent bonding and a low self-diffusion coefficient [30]. However, the liquid alloy between ZrB2 particles with inhomogeneous sizes can accelerate mass transportation and facilitate grain boundary migration [31]. In addition, based on the phase diagrams of the Si–B and Si–Zr systems, B and Zr atoms have certain solubility in liquid Si [27,32]. Considering the above four factors, the particles in ZrB2 clusters grow through the dissolution–diffusion–precipitation mechanism. The small particles in each ZrB2 aggregation dissolve and diffuse through the melt, then crystallize on the surface of large particles, leaving irregular gaps between the grown ZrB2 particles. Moreover, previous studies have noted that the preferential growth directions of ZrB2 grains are [210] and [110], which leads to the plate-shaped morphology of the grown ZrB2 grains [33,34]. As the RMI process continues, a large amount of Si is consumed through Equation (1), and the composition of the melt shifts to hypereutectic, according to the Si–Zr phase diagram [32]. Meanwhile, the solid ZrSi2 phase precipitates out from hypereutectic melt near the ZrB2-rich areas due to the compatibility of the ZrB2 and Zr elements. In summary, the introduction of ZrB2 particles has no visible effect on the reaction process of infiltrating the Si–Zr10 alloy into CFC preforms. With the progress of infiltration, the composition of the Si–Zr10 eutectic alloy changes to hypereutectic, and bulk solid ZrSi2 precipitates out. Besides that, the melt can accelerate the growth of ZrB2 particles, which reduces the distribution uniformity of ZrB2 ceramic in ZrB2-composites.




3.3. Mechanical Properties of C/C–SiC–ZrB2 Composite


According to a previous study on carbon fiber-reinforced ceramic matrix composites with the same fiber volume, the density of composites will be reduced with an increase in porosity, which leads to a sharp decrease in mechanical strength [35]. The ZrB2-composite is believed to show better mechanical properties because it displays a denser matrix, along with much lower open porosity (3.43%) and much higher density (2.82 g/cm3). Here, the mechanical property of the as-fabricated ZrB2-composite was investigated by three-point bending tests. The flexural load–displacement curve and fracture surface micrograph are shown in Figure 8. The curve shows a step-like decline after reaching the maximum value (Figure 8a), proving that the ZrB2-composite exhibits pseudo-plastic fracture behavior. The bending strength and elastic modulus are calculated to be 115.67  ±  8.85 MPa and 12.40  ±  1.90 GPa, respectively. Moreover, long fibers pull out and obvious interfacial debonding can be observed in Figure 8b, and the surface of the pulled-out fibers is relatively smooth, illustrating that most of the carbon fibers are not evidently eroded by the melt during the RMI process.





4. Conclusions


In summary, the C/C–SiC–ZrB2 composites have been successfully fabricated by a combined process of SI and RMI through a Si–Zr10 eutectic alloy infiltration and chemical reaction at 1600 °C. Two preforms of C/C–B4C and C/C–ZrB2, with similar open porosities, were prepared through the SI process. Importantly, the effects of B4C and ZrB2 particles on the microstructural evolution and formation mechanism of C/C–SiC–ZrB2 composites during RMI were explored. In the B4C-composite, the ZrB2 grains formed via the reaction from B4C particles and the Si–Zr10 melt coalesced together, and generated a monolithic ZrB2 ceramic, which led to heterogeneous distribution of the SiC and ZrB2 ceramics. In the ZrB2-composite, the ZrB2 particles were aggregated together to form clusters under the surface tension of the melt, and then grown into elongated plate-like particles through the dissolution–diffusion–precipitation mechanism. Compared with the B4C-composite, the ZrB2-composite had a higher ZrB2 content (9.51%), higher density (2.82 g/cm3), and lower open porosity (3.43%). Moreover, the ZrB2-composite also exhibited pseudo-plastic fracture behavior, and most of the carbon fibers were not evidently eroded by the melt. Regrettably, resulting from the dissolution of resin carbon, the aggregation and growth of the ZrB2 particles reduced the dispersion uniformity of the ZrB2 ceramic in the ZrB2-composite. This work not only provides a low-cost and relatively low-temperature strategy to fabricate C/C–SiC–ZrB2 composites with a higher ZrB2 content, through Si–Zr alloy infiltration, but also offers new insights into the effects of different boride particles on the liquid–solid reaction mechanism during the RMI process.
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Figure 1. The fabrication procedure of C/C–SiC–ZrB2 composites. 
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Figure 2. SEM images of several used preforms: polished cross-sections of porous C/C–B4C (a) and C/C–ZrB2 preforms (c); the B4C–C (b) and ZrB2–C mixture (d) between carbon fibers. 
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Figure 3. Back-scattering images and EDS analysis for polished cross-sections of C/C–SiC–ZrB2 composites: (a,c,e,g) B4C-composite; (b,d,f,h) ZrB2-composite. 
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Figure 4. The particle size distributions of ZrB2: (a) C/C–ZrB2 preform; (b) ZrB2-composite. 
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Figure 5. XRD patterns of different preforms and composites: (a) A, C/C–B4C preform; B, B4C-composite; (b) A, initial ZrB2 particles; B, C/C–ZrB2 preform after pyrolysis at 1000 °C; C, C/C–ZrB2 preform after heat treating at 1600 °C; D, ZrB2-composite. 
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Figure 6. The Gibb’s free energy change as a function of temperature for the reaction involved in this work. 
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Figure 7. Schematic illustrations of microstructural evolution and formation mechanism for C/C–SiC–ZrB2 composites during the RMI process: (a) B4C-composite; (b) ZrB2-composite. 
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Figure 8. (a) Load–displacement curve of the ZrB2-composites; (b) microstructure of fracture surface. 
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Table 1. Properties of C/C–B4C and C/C–ZrB2 preforms before and after reactive melt infiltration (RMI).
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Samples

	
Density (g/cm3)

	
Open Porosity (%)

	
Phase Volume Fraction (%)




	
Cf

	
ZrB2

	
B4C

	
ZrSi2

	
SiC






	
C/C-B4C

	
1.27

	
32.07

	
17.60

	
N/A

	
6.74

	
N/A

	
N/A




	
C/C-ZrB2

	
1.58

	
34.75

	
17.60

	
9.51

	
N/A

	
N/A

	
N/A




	
B4C-composite

	
1.98

	
18.04

	
17.60

	
1.47

	
5.87

	
2.45

	
23.10




	
ZrB2-composite

	
2.82

	
3.43

	
17.60

	
9.51

	
N/A

	
4.26

	
38.67
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