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Abstract

:

To reveal the ablation performance of C/SiC-ZrC composites under different ablation modes, C/SiC-ZrC composites were prepared using chemical vapor deposition, precursor infiltration, and pyrolysis. Single ablation and cyclic ablation tests were conducted on the C/SiC-ZrC composites using an oxyacetylene flame, in order to obtain ablation parameters, as well as macroscopic and microscopic ablation morphology for the different ablation modes. The results show that the linear ablation rate and mass ablation rate of different ablation modes decrease with increasing time. The linear ablation rate and mass ablation rate of cyclic ablation are 12% and 24.2% lower than those of single ablation. Within the same ablation time, the C/SiC-ZrC composites subjected to cyclic ablation exhibit shallower and more evenly distributed pits, caused by high-temperature airflow ablation. The material surface has a white oxide layer composed of SiO2 and ZrO2, and the carbon fibers inside are wrapped by oxide particles, enhancing the ablation resistance of C/SiC-ZrC composites.
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1. Introduction


With the continuous development of the Rotating Detonation Engine (RDE), the demand for high-temperature resistance, especially ablation resistance, of combustion chambers and nozzles is also increasing [1,2,3,4]. Ceramic matrix composites (CMCs) are widely regarded as the most promising thermal protection materials due to their excellent high-temperature resistance, oxidation resistance, and ablation resistance [5,6]. However, CMCs may undergo thermal ablation and damage structural integrity in high-temperature applications [7]. Exploring the ablation mechanism of CMCs at high temperatures is of great research significance for improving the lifespan and performance of the RDE.



Many scholars have researched the ablation mechanism of composites such as C/C, C/SiC, SiC/SiC, and other composites [8,9,10,11,12,13,14]. CMCs have good anti-ablation performance below 2000 °C, but as the temperature continues to rise, CMCs are unable to meet the required ablation performance [15]. Many scholars have studied the ablation performance of CMCs with added refractory metal compounds. Wang [16] conducted ablation experiments on C/C-ZrC-SiC composites using plasma flames and found that ZrC and SiC were oxidized to form ZrO2-SiO2 binary eutectic systems, respectively. Li [17] studied the effect of different ceramic contents on the microstructure and ablation performance of materials. C/C-ZrC-SiC composites showed better ablation resistance when the ZrC and SiC contents were 27.2% and 7.56%, respectively. Tian Wei [18] doped a high-temperature ceramic matrix into C/C-SiC composites and found that during the ablation process, the surface of the composites oxidized, forming a composite layer, which hindered the transfer of oxygen and heat from the surface to the interior of the material. Liu [19] studied the ablation performance and mechanism of Cf/SiC-ZrC composites under different laser ablation times (5 s, 10 s, and 15 s) and found that the dense structure and continuous layer with high-temperature resistance components are key factors in improving the material’s ablation resistance. Xiang [20] studied the ablation oxidation behavior of C/SiC materials with different coatings and found that ZrB2-SiC/SiC coatings can provide more effective protection for C/SiC materials. The above studies investigated the ablation performance and mechanism of composites. In other research related to ablation, such as components, ablation methods, strength, etc., Zhao [21] prepared C/C-ZrC-SiC-ZrB2 and C/C-ZrC-SiC composite wedge-shaped components. Compared with C/C composites, these two composite components exhibited better ablation resistance. Fan [22] prepared C/SiC-Si composites with different prefabricated components. It was found that the tensile strength of 2D C/SiC-Si was higher than that of 3DN C/SiC-Si, but the mass ablation rate of 3DN C/SiC-Si was lower than that of 2D C/SiC-Si. Zhao [23] investigated the ablation test of C/C-ZrC-SiC-ZrB2 composites using an oxygen-acetylene torch and found that the surface temperature of the C/C-ZrC-SiC-ZrB2 composites during a cyclic ablation of 60 s × 2 was higher than that of 30 s × 4.



C/SiC composites overcome the brittleness of ceramics and have excellent oxidation resistance and ablation resistance [24,25,26]. There have been many studies on the mechanism of single ablation of C/SiC composites, but many high-temperature environments are not continuous. For example, the high-temperature environment of RDE is periodic [27,28,29]. Therefore, studying cyclic ablation can better reveal the ablation performance of materials under this working condition. The authors investigated the differences in ablation properties of 2D C/SiC and C/SiC-ZrC composites [30]. The ablation rate of C/SiC-ZrC was generally lower than that of C/SiC. This article presents a macroscopic and microscopic analysis of C/SiC-ZrC composites under single and cyclic ablation modes, comparing the effects of different ablation modes on the ablation rate and reveals the ablation performance of C/SiC-ZrC composites under different ablation modes.




2. Experimental Materials and Methods


2.1. Experimental Materials


C/SiC-ZrC ablation samples were prepared by the Institute of Metals, Chinese Academy of Sciences, using the chemical vapor deposition and precursor immersion and pyrolysis (CVD + PIP) process. As shown in Figure 1, a needle punching tool is used to hook the fiber cloth onto the lower layer to form a 2D needle-punched structural material. Then, a layer of pyrolytic carbon (PyC) interface layer is deposited on the surface of the carbon fiber, and the densification of the material matrix is completed through the CVD + PIP composite process. The parameters of the C/SiC-ZrC composites are shown in Table 1.




2.2. Experimental Methods


The ablation test and the testing method are carried out in accordance with the national military standard (GJB323A-96) [34]. The entire specimen is ablated using an oxygen-acetylene flame, and the ablation platform is shown in Figure 2. The ablation platform comprises an oxygen-acetylene flame nozzle, a specimen clamping device, an oxygen-acetylene gas source device, and an ablation control console. The ablation device can achieve automatic ignition, loading and unloading, and adjust the flow and pressure of oxygen and acetylene. The distance between the flame nozzle and the surface of the sample is 10 mm. The ablation ignition test is shown in Figure 2b, with a flame width of approximately 4–5 mm and a maximum flame temperature of approximately 3000 °C [35]. The sample is fixed to the rear of the sample clamping device shown in Figure 2c, and the diameter of the circular area of the sample exposed to the gas environment is Φ25 mm. The parameters of the ablation test are shown in Table 2.



Using a depth gauge and an electronic scale, the initial thickness and mass of the ablated specimen are measured. Due to the uneven temperature distribution of the oxygen-acetylene flame and the uneven surface temperature of the specimen, there is a certain thermal gradient from the center of the flame to the edge of the specimen. Therefore, the thickness of three points in the ablated center area of the specimen is measured, and the average value of these measurements is used to calculate the linear ablation rate (LAR) and mass ablation rate (MAR) of the ablated specimen. The definitions of the linear ablation rate (LAR) and mass ablation rate (MAR) are as follows:


  L A R =     l   0   −   l   t     t    



(1)






  M A R =     m   0   −   m   t     t    



(2)







In the formula, l0 and lt represent the center thickness of the sample before and after ablation, respectively, while m0 and mt represent the mass of the sample before and after ablation, respectively; t is the ablation time.



The C/SiC-ZrC composites are divided into three groups for ablation testing, with two specimens in each group. The two specimens in each group undergo two types of ablation modes: single ablation and cyclic ablation. Single ablation involves ablating the specimens for 30 s, 40 s, and 60 s, respectively, whereas cyclic ablation involves ablating them for 15 s, 20 s, and 30 s, respectively. After scanning with SEM electron microscopy, the specimens undergo further ablation for 15 s, 20 s, and 30 s. The samples after a single ablation are named CSZ-30, CSZ-40, and CSZ-60, respectively, and the samples after the first cyclic ablation are named CSZ-15×1, CSZ-20×1, CSZ-30×1. Following the second ablation, they are named CSZ-15×2, CSZ-20×2, CSZ-30×2. The ablation rate at the same time is basically the same, with less variation, so the samples used to measure the ablation parameters are one instead of three. The field emission electron scanning microscope (Tescan, Czech) used is equipped with high-resolution dual beam electron microscopy (FIB-SEM), a time-of-flight secondary ion mass spectrometer (TOF-SIMS), and an energy dispersive spectrometer. This equipment allows for the micro-morphology scanning and local component analysis of the ablated sample. The macroscopic morphology of the ablated sample is reconstructed using a Reeye 3M blue light fixed industrial scanner.





3. Results and Analysis


To reveal the ablation mechanism of C/SiC-ZrC composites, the ablated samples were first scanned in three dimensions to reconstruct their macroscopic morphology after ablation. The effects of different ablation modes on the ablated samples were then compared. Subsequently, the thickness and mass changes of the sample before and after ablation were measured, and the ablation properties of the sample were analyzed. Finally, by combining the microstructure and composition analysis of C/SiC-ZrC composites, the ablation performance and mechanism of the materials were revealed.



3.1. Results


3.1.1. Macroscopic Morphology and Ablation Properties


Figure 3 shows the 2D needle-punched C/SiC-ZrC composites CSZ-40 and CSZ-20 after ablation. The macroscopic morphology of the two samples shows obvious erosion on the material surface, with distinct flow marks at the edges, and a circular pit in the middle, with a distributed white oxide layer [36,37]. The diameter of the pits in sample CSZ-20×2 is slightly smaller than that in sample CSZ-40, and there are exposed black fibers and matrix in some areas. There are dotted white products outside the circular pit. In order to better observe the morphology inside the white oxide layer, the white oxide layer was removed. The morphology of the white oxide layer after removal is shown in Figure 4. It can be seen that the CSZ-40 sample has a flatter ablation surface than the CSZ-20×2 sample, with less fiber bundle breakage and damage. Compared to cyclic ablation, single ablation causes greater damage, a larger ablation amount, deeper ablation pits, and more exposed carbon fibers. Using an industrial scanner to reconstruct the macroscopic morphology of the sample after ablation, the front and side views of the three-dimensional macroscopic morphology are shown in Figure 5. Based on the three-dimensional macroscopic morphology, it can be seen that the maximum depth of cyclic ablation is 0.998 mm, which is lower than the maximum depth of single ablation of 1.293 mm. The depth distribution of cyclic ablation pits is more uniform, and the carbon fiber skeleton structure is almost invisible, indicating a lower linear ablation rate.



Table 3 lists the line ablation rate and mass ablation rate of C/SiC-ZrC composites under different ablation modes. The line ablation rate and mass ablation rate of cyclic ablation are lower than those of single ablation at 30 s, 40 s, and 60 s. The average line ablation rate and mass ablation rate of cyclic ablation are 24.1 µm/s and 6.9 mg/s, respectively. The average line ablation rate and mass ablation rate of single ablation are 27.4 µm/s and 9.1 mg/s, respectively. Compared to single ablation, the average line ablation rate and mass ablation rate of cyclic ablation are reduced by 12% and 24.2%, respectively, with the mass ablation rate experiencing a greater reduction relative to the linear ablation rate. This indicates that the C/SiC-ZrC composites lose less mass under cyclic ablation, thus exhibiting better anti-ablation performance. The three-dimensional morphology reconstruction in Figure 5 also confirms that the cyclic ablation pits are shallower and more evenly distributed. Figure 6 shows the comparison between the line ablation rate and mass ablation rate. Due to the uneven surface of C/SiC composites and the uneven shape of the center region after ablation, different methods are used to measure the line ablation rate and the mass ablation rate. The line ablation rate is calculated by measuring the thickness of three positions before and after ablation and then taking the average value to calculate the line ablation rate with a tolerance band. The mass ablation rate is calculated by measuring the mass before and after ablation. Under the same ablation method, the line ablation rate and mass ablation rate peak at 30 s. Subsequently, both the line ablation rate and mass ablation rate gradually decrease with time. From 30 s to 60 s, the line ablation rate and mass ablation rate of C/SiC-ZrC under single ablation decreased by 14.1% and 26.2%, respectively. For cyclic ablation, the corresponding decreases were 15.6% and 16.4%, respectively. At any given ablation time, the line ablation rate and mass ablation rate of cyclic ablation are consistently lower than those of single ablation. The largest difference in the line ablation rate is observed at 40 s, reaching 15.7%, while the largest difference in the mass ablation rate is seen at 30 s, amounting to 31.8%.



The cyclic ablation mode resulted in a more uniform depth distribution of the ablation pits and a flatter surface of the pits in the C/SiC-ZrC composites, compared to the single ablation mode. Its line ablation rate and mass ablation rate are significantly lower. This indicates that when C/SiC-ZrC composites are applied to cyclic high-temperature environments such as RDE, their ablation life cannot be calculated based on the ablation rate of the single ablation mode. Instead, the ablation rate of the cyclic ablation mode should be considered; thus, the actual service life of RDE will be higher than expected.




3.1.2. Microstructure and Morphology


The microstructures of samples CSZ-15×1 and CSZ-15×2 after ablation are shown in Figure 7. Three morphologies of C/SiC-ZrC composites can be observed following high-temperature ablation: the surface oxide layer, the carbon fiber wrapping layer, and carbon fiber damage. As depicted in Figure 7a, white products adhere to the surface of the material. Figure 7a Yellow boxed area enlarged as shown in Figure 7b, a white oxide layer is evident, formed by the oxidation of SiC and ZrC deposited on the surface of the composites. There are small gaps surrounding the white oxide layer, and spherical oxide particles can be observed in the gap area. The EDS analysis results for the A-B line in Figure 7b are presented in Figure 7g, revealing that the oxide particles consist of SiO2 and a small amount of ZrO2. SiO2 is produced through the reaction of SiC with oxygen or water at high temperatures [38,39], while ZrC reacts with oxygen or water to produce ZrO2 [40].



As shown in Figure 7c,d, the locally exposed fibers on the surface of the sample are wrapped by particles. Some carbon fibers break, and a large number of carbon fibers on the left side are ablated and damaged. Here, they are closer to the ablative center, experiencing the most severe ablative damage. The carbon fibers on the right side have a wrapping layer, and the matrix generates SiO2 and ZrO2 in a high-temperature oxidation environment, which slows down the ablation of carbon fibers within the C/SiC-ZrC composites [41]. The EDS analysis results of the C-D line in Figure 7d are shown in Figure 7h, where the carbon fiber cladding is composed of SiO2 and a very small amount of ZrO2. This indicates that the main component attached to the carbon fiber is SiO2. Figure 7e,f show the damage morphology of carbon fibers perpendicular to the ablation direction. The carbon fibers on the material surface exhibit varying degrees of ablation damage, with a small amount of ZrO2 and SiO2 surrounding the carbon fibers. The carbon fibers become thinner, with a small amount of fiber fracture. The fiber surface is marked by ablation pits of varying sizes, suggesting that mechanical ablation occurs in the high heat flux ablation environment of the carbon fibers [42].





3.2. Analysis


From Figure 7c,d, it can be seen that there is a coating layer on the surface of the carbon fiber. According to the EDS composition analysis of the carbon fiber in Figure 7d, the coating layer of the carbon fiber is composed of SiO2 and a small amount of ZrO2. The formation of SiO2 and ZrO2 can be attributed to the oxidation of the deposited matrix. The melting point of SiO2 is 1723 °C, which is much lower than the melting point of ZrO2 at 2700 °C. Under high-temperature conditions, SiO2 first melts and penetrates deeper into the carbon fiber region, while ZrO2 mostly remains on the surface and forms a eutectic structure with SiO2. During the ablation process, the material is removed by chemical ablation from oxygen, and mechanical ablation from high-speed airflow. The silicon carbide matrix first melts at high temperatures, and both the silicon carbide matrix and carbon fibers are oxidized. In areas with less severe heat flux ablation, the silicon carbide matrix oxidizes to form SiO2, which forms a dense and continuous oxide layer on the surface of the carbon fibers. SiO2 contracts into a spherical shape during the cooling process [22]. At the bottom of Figure 7d, it can be seen that only half of the carbon fiber remains, and there are obvious ablation pits on the surface of the carbon fiber in the middle area. The surface is uniformly distributed, with an oxide layer and spherical oxide particles of different sizes, indicating that the carbon fiber, including the damaged carbon fiber, is uniformly wrapped by the oxide layer. This suggests that the SiC deposited on the surface of the composites forms an oxide layer distributed on the carbon fiber during the ablation process. Preventing heat and oxygen from coming into contact with carbon fibers slows down their ablation and improves their resistance to ablation and oxidation. After 30 days of ablation, the morphology of carbon fibers is shown in Figure 7e,f. The oxide coating of carbon fibers disappears, and various sizes of ablation pits are distributed on the surface of the carbon fibers. Some carbon fibers are severely damaged and have already fractured. A small amount of SiO2 and ZrO2 particles are scattered on the surface of the material, and there are many oxides distributed between the carbon fibers. This indicates that the oxide layer formed by a single ablation is melted and eroded again in the subsequent ablation process. The surface pits indicate severe mechanical ablation during the ablation process. During the melting and ablation of the oxide layer, heat is absorbed, and some of the heat is taken away when stripped, thus slowing down the process of secondary ablation.



As the ablation time increases, the ablation proceeds deeper into the material. The microstructure of sample CSZ-20×1 is shown in Figure 8a,b, where some of the matrix is oxidized to form SiO2 and ZrO2. White oxides can be seen on the ablated surface, but due to the ablation effect, a dense and continuous oxide layer cannot be formed. In the most severely eroded central area, some carbon fibers are exposed, which is caused by the matrix being eroded in a short time [43,44]. A small amount of SiO2 and ZrO2 particles are attached to the exposed carbon fibers. The microstructure of sample CSZ-30 is shown in Figure 8c, with needle-shaped cluster morphology [35,45]. The carbon fiber facing the ablation direction is the needle-punched structure of the composites. The proportion of various elements in the F region in Figure 8c is shown in Table 4, and it can be seen that the white oxide on the surface is composed of SiO2 and ZrO2. From Figure 8c, it can be observed that the area with more SiO2 and ZrO2 exhibits less obvious carbon fiber ablation, and the morphology of the needle-shaped carbon fiber is uniform, with less ablation damage. The morphology of the carbon fiber head in the area with less SiO2 and ZrO2 is shown in Figure 8d. Du [35] found the same needle-like cluster morphology in the study of SiC/SiC composites, which appeared at the fiber breaks in the ablation center region. As shown in Figure 9a,b, the matrix near the SiC fibers in the central region of the ablation is burned out, resulting in the fibers being completely exposed to the ablation flame, whereas the matrix near the fibers in the text is ablated, but there is still a large number of oxide particles formed by ZrO2 and SiO2 adsorbed near the fibers. The distribution of SiO2 and ZrO2 can affect the ablation resistance of the carbon fiber. Due to the ablation of the material surface by high heat flux and high-speed airflow, the SiO2 and ZrO2 generated after oxidation are not uniformly distributed on the material surface. The area with less SiO2 and ZrO2 is severely eroded. A uniformly distributed oxide layer can improve the ablation resistance of C/SiC-ZrC composites. The morphology of carbon fibers in the vertical ablation direction is shown in Figure 8e. The carbon fibers are severely eroded, and a small amount of SiO2 and ZrO2 particles are scattered on the surface of the fibers. There are large and small ablation pits on the surface of the carbon fibers. The carbon fibers near the surface have larger ablation pits and are finer, whereas the deeper carbon fibers have smaller ablation pits and are thicker. Some carbon fibers are broken, and the heads are pointed. There are more oxides distributed between the deeper carbon fibers. There are two typical ablation failure mechanisms in carbon fiber-reinforced ceramic composites: chemical ablation and mechanical exfoliation. Carbon fibers are oxidized in high-temperature environments, and the oxidation ablation is relatively uniform. Carbon fibers gradually become finer, and the ablation pits distributed on their surface indicate that they have been subjected to severe mechanical exfoliation. Based on the original defects and damage distribution of carbon fibers in Figure 8f [46], the formation of ablation pits is somewhat related to the initial damage of carbon fibers. The carbon fibers in the vertical ablation direction are completely exposed to a high-temperature environment, and they are gradually mechanically eroded and oxidized. Mechanical ablation first occurs at the initial damage position on the surface of the carbon fibers, resulting in the formation of small ablation pits on their surface. As ablation progresses, the ablation pits gradually increase in size. Combined with the scouring effect of high-speed airflow, carbon fibers break into large pits and fine areas. The ablative pits indicated by the arrow in Figure 8e are the points where the fibers are about to break, forming sharp spikes after fracture.



The microstructure of sample CSZ-15×1 is shown in Figure 10a,b, and it can be seen that the carbon fiber is mostly oxidized. The wrapping layer maintains a cylindrical shape, and there are fractures in the wrapping layer and local areas are burned. This is the same structure as that found by Du [47] for the surface layer of fibers after ablation. The carbon fiber that has been burned is only left at the center or completely disappears, and there are no other carbon fibers nearby. The carbon fiber wrapped in oxides deeper still maintains its intact morphology, while the carbon fiber without an oxide wrapping layer is severely burned. The carbon fiber wrapping layer significantly reduces the ablation rate of carbon fibers, mainly because the wrapping layer composed of SiO2 and ZrO2 can inhibit the inward diffusion of oxygen, protecting the internal carbon fibers. The dense oxide wrapping layer structure has a positive effect on the resistance of carbon fibers to ablation, thereby improving the ablation resistance of C/SiC-ZrC composites.





4. Conclusions


The ablation test was conducted on C/SiC-ZrC composites using an oxyacetylene flame. The macroscopic and microscopic morphologies after ablation were observed, and the effects of different ablation modes on ablation parameters were compared. The ablation resistance mechanism of C/SiC-ZrC composites was analyzed, and the following conclusions were obtained:



(1) The average linear ablation rate and mass ablation rate for cyclic ablation are 12% and 24.2% lower than those for single ablation, respectively. The depth of ablation pits in cyclic ablation is shallower and more evenly distributed, indicating that the material exhibits better anti-ablation performance under the cyclic ablation mode. C/SiC-ZrC composites applied to RDE have a higher service life than expected.



(2) From 30 to 60 s, the linear ablation rate and mass ablation rate of single ablation decreased by 14.1% and 26.2%, respectively, while the linear ablation rate and mass ablation rate of cyclic ablation decreased by 15.6% and 16.4%, respectively.



(3) The C/SiC-ZrC composites form three main morphologies during the ablation process: a surface oxide layer, a carbon fiber wrapping layer, and carbon fiber damage.



(4) The reasons why C/SiC-ZrC composites have good ablation performance are as follows: firstly, the ZrC matrix resists the ablation of adjacent SiC matrices by heat flux, and the oxidized ZrO2 also has the same effect on SiO2. Secondly, the SiO2 and ZrO2 generated by oxidation are distributed on the surface of the matrix and carbon fibers, inhibiting the diffusion of oxygen and slowing down the oxygen ablation of the matrix and carbon fibers.
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Figure 1. Two-dimensional needled C/SiC-ZrC composites. 
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Figure 2. Ablation platform. (a) Ablation test; (b) oxy-acetylene ignition pre-test; (c) sample fixture device; (d) oxy-acetylene flame gun. 
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Figure 3. Comparison diagram of samples ablated with different ablation modes in 40 s. (a) Single ablation; (b) cyclic ablation. 
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Figure 4. Macroscopic morphology after removal of white oxide layer with different ablation modes in 40 s. 
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Figure 5. Three-dimensional morphology of ablation in 40 s. (a) Single ablation; (b) cyclic ablation. 
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Figure 6. Comparison of ablation rates under single and cyclic ablation modes. (a) Linear ablation rate(LAR); (b) mass ablation rate (MAR). 
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Figure 7. Micromorphology after ablation. (a,b) Matrix of CSZ-15×1; (c,d) carbon fiber oxide layer of CSZ-15×1; (e,f) carbon fiber ablation morphology of CSZ-15×2; (g) A-B line EDS spectroscopy analysis; (h) C-D line EDS spectroscopy analysis. 
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Figure 8. Morphology of carbon fibers on ablated surfaces. (a,b) Surface morphology of CSZ-20×1; (c–e) carbon fiber morphology of CSZ-30; (f) initial damage of carbon fibers [46]. 
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Figure 9. Ablation fracture morphology of fiber bundles [35]. (a) Needle-like tissue fracture morphology; (b) needle-like tissue size. 
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Figure 10. Morphology of the oxide layer on carbon fibers of CSZ-15×1. (a) Carbon fiber damage of CSZ-15×1; (b) carbon fiber oxide laye