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The cubic polycrystal of SiC (3C-SiC) coating on the quartz glass (QG) surface was successfully prepared via a two-step chemical vapor deposition (CVD) by introducing a thin PyC coating as a buffer layer. Through combining the intake system of CVD PyC and CVD SiC, the SiC/PyC composite coating can be in-situ prepared on the QG without halfway in-and-out chamber. The results showed that the SiC/PyC composite coating possesses highly uniform, dense, and continuous features, while the pure SiC coating exhibits many cracks, implying that the internal stress between the SiC coating and the QG can be relieved by adding the PyC buffer coating. The average hardness of the SiC/PyC/QG is measured to be 46.8 GPa, and its calculated modulus is 416.3 GPa by using a nanoindentation technique. Compared to the pure QG, the friction coefficient of the SiC/PyC/QG is slightly increased to 1.47 vs. 1.45. Moreover, the SiC/PyC/QG displays the excellent anti-acid corrosion in the 5%HF and 5%HCl mixed solution with the weight loss of about 33% lower than the pure QG after 8 h acid test at 80°C.
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INTRODUCTION
Quartz glass (QG) is widely used in the field of the compound semiconductor community as the boat for the growth of CdTe, InTe and CdZnTe single crystal in the field of the compound semiconductor community due to the advantage of resistance to high temperature, excellent anti-acid corrosion except hydrofluoric acid (HF), good thermal stability etc. (Rabinovich 1985; Shetty et al., 1995; Schlesinger et al., 2001; Hoshide and Hirano 2010). But the raw materials of Te and Cd would react with the QG during the single crystal growing process, resulting in the as-prepared product adhered to the QG. Thus, the single crystal would be contaminated by the QG and hard to get off the QG. Furthermore, the QG needs to be cleaned in HF to remove the sediment, while the QG shows poor anti-HF corrosion. Therefore, the QG or quartz fiber coated with a protective material has been extensively studied to improve its chemical durability and other physical properties (Shetty et al., 1995; Hoshide and Hirano 2010; Zheng and Wang 2011; Hoshide et al., 2013). The cubic polycrystal of SiC (3C-SiC) is one of the most important protective materials and drawing significant attention attributing to its high hardness and strength, good corrosion resistance, and easy of deposition (Hu et al., 2019; Fares et al., 2020a; Fares et al., 2020b; Hsu et al., 2020; Zheng et al., 2021; Liu et al., 2022a). However, to the best of our knowledge, the 3C-SiC protective coating on the QG surface is still lacking mainly due to the high internal stress and high thermal expansion coefficient mismatch between QG and SiC. The introduction of the pyrolytic carbon (PyC) as the buffer layer is widely used to alleviate thermal stress due to the interlaminar slippage of PyC and the large thermal expansion coefficient mismatch between the coating and the substrate (Long et al., 2013; Liu et al., 2020; Tong et al., 2021; Liu et al., 2022b).
In this work, it was attempted to deposit the 3C-SiC coating on the QG surface by a two-step CVD using the PyC coating as the buffer coating without halfway in-and-out chamber. In comparison to the pure QG, the resulting product shows the remarkably improved hardness, modulus, friction coefficient, and the anti-acid corrosion in the 5%HF and 5%HCl mixed solution.
EXPERIMENTAL
Commercial QG (25 mm*45 mm*3 mm) was ultrasonically cleaned in ethanol and deionized water several times. The pretreated QG was dried under vacuum at 60°C for 12 h and then employed as a substrate for CVD PyC coating and CVD SiC coating in a chamber of a vertical type hot-wall CVD (Hunan Advanced Corporation for Materials and Equipments, ACME, China). The CVD PyC was deposited at 1,000°C in an Ar flow of 300 ml/min and C3H6 flow of 200 ml/min for 2 h under the pressure of 2000 Pa. Then, the intake system of the PyC deposition was shut down, while the temperature was kept at 1,000°C. For the CVD SiC coating, a mixture of dilution H2 flow of 2.0 L/min and dilution Ar flow of 2.5 L/min was introduced into the chamber. Meanwhile, the liquid methyltrichlorosilane (MTS) as the Si and C source was delivered to the chamber through continuous bubbling methods with an H2 flow of 1.0 L/min as a carrier gas. The total pressure was controlled to be 1,000 Pa, and the deposition time was 5 h. The anti-acid corrosion character of the samples was test in the mixed solution of 5%HF and 5%HCl at 80°C. The samples were submerged into the acid solution completely for each 2 hours, and then weighted after ultrasonic cleaning in deionized water and drying.
A roughness tester (TR210, Shanghai Lingyi Company, China) was used to measure the surface roughness (Ra) of the samples. X-ray diffraction (XRD, Rigaku SmartLab-SE, Japan) with Cu Kα radiation and scanning electron microscopy (SEM, Carl Zeiss G500) were carried out to characterize the crystal structure and the morphology of the products, respectively. X-ray photoelectron spectroscopy (XPS) analysis was obtained by a Thermo Fisher Scientific Esca Lab 250XI spectrometer using a monochromatic Al anode X-ray source. The mechanical properties of the samples were investigated by the conventional method (Vickers, Duramin-40 M1 Struers), the nanoindentation test with a diamond Berkovich indenter (three-sided pyramid), and the friction test on a HT1000 wear test machine with a Si3N4 ceramic ball was used as the counter material.
RESULTS AND DISCUSSION
The synthesis produce of the SiC/PyC/QG is illustrated in Figure 1. Firstly, a thin and uniform PyC coating was prepared on the QG surface via a CVD method using C3H6 as the carbon source. Afterwards, the SiC coating could be in-situ grown on the PyC/QG surface just by closing the intake system of the CVD PyC, and then turning on the intake system of the CVD SiC. Therefore, the SiC/PyC composite coating can be continually deposit on the QG surface by a two-step CVD process without halfway in-and-out chamber.
[image: Figure 1]FIGURE 1 | Schematic illustration for the experimental apparatus of CVD.
The crystallographic structure and morphology of the QG based products were investigated by XRD and SEM, respectively. The identified diffraction peaks in Figure 2A are indexed to the SiO2 structure (JCPDS: 39-1425), and the wide peak around 2θ = 22° in the XRD pattern is attributed to the amorphous QG. No obvious peaks of the PyC could be identified owing to the strong background peaks of the QG and the thin PyC coating. The main phase of the SiC coating is ascribed to 3C-SiC (JCPDS: 29-1129), and the sharp diffraction peak demonstrates that the SiC deposits were well-crystallized (Figure 2B).
[image: Figure 2]FIGURE 2 | XRD pattern of (A) the PyC/QG, and (B) the SiC/PyC/QG; (C) cross section of the low-magnification and (D) the high-magnification SEM images of the SiC/PyC/QG.
The SEM images of the SiC/PyC/QG are shown in Figure 2C and Figure 2D. The thickness of the PyC and SiC coatings was about 0.2 and 30 μm, respectively. It can be clearly seen that both the interfacial layers between PyC and QG, and SiC and PyC are uniform, dense, and continuous without obvious defects such as voids, cavities, and crack, implying that the interfacial adhesion was qualitatively excellent.
Figure 3A displays the typical picture of the frosted QG treated by sand blasting. The dense and continuous PyC and SiC coatings on the QG surface can be seen (Figures 3B,D) further revealing the uniform coatings coverage. However, many cracks appeared on the surface of the SiC coating without the PyC buffer layer (Figure 3C), indicating that the transition layer of PyC could relieve the internal stress between the SiC coating and the QG.
[image: Figure 3]FIGURE 3 | The picture of (A) the QG, (B) the PyC/QG, (C) the SiC/QG, and (D) the SiC/PyC/QG.
The surface chemical composition and bonding information of the SiC/PyC/QG are shown in Figure 4. It can be clearly seen in Figure 4A that the overall XPS spectrum of the as-prepared composites consists of only Si, C and O elements. The C 1s spectra (Figure 4B) shows four peaks located at 282.7, 284.8, 286.3 and 288.0 eV, corresponding to Si-C, C-C, C-O and C=O bonds, respectively (Zheng et al., 2021; Lu et al., 2019). The C-C bond is most likely to the PyC and the chemical bonding between SiC and PyC. Similarly, the C-O and C=O bonds may be also due to the PyC and the chemical bonding between SiC and PyC. In the Si 2p spectra (Figure 4C), Si 2p peak can be fitted into two peaks at 100.4 and 102.0 eV, which are assigned to the Si-C and Si-O bonds, respectively (Wei et al., 2020; Peng et al., 2018). In Figure 4D, O 1s spectra at 532.0 eV is assigned to the O-Si bond (Sun et al., 2017). The XPS results further confirmed the deposition of SiC coating on the PyC/QG surface.
[image: Figure 4]FIGURE 4 | XPS spectra of the SiC/PyC/QG: (A) overall spectrum; (B) C 1s; (C) Si 2p; (D) O 1s.
Hardness and elastic modulus of the SiC/PyC/QG were studied by using a nanoindentation technique. The load-distance relationship is represented in Figure 5A, and three different points were selected to achieve a reliable result. The average hardness of the composites is 46.8 GPa, and the calculated modulus is 416.3 GPa, which are in agreement with other reported results (Lee et al., 2000). Figure 5B shows the variation of the friction coefficient with sliding time. Compared to the friction coefficient of the pure quartz (∼1.45), the friction coefficient of the SiC/PyC/QG is increased to 1.47. The surface roughness for the PyC coating on the QG was measured to be 3.54 um. The higher friction coefficient for the SiC coating is due to the large surface roughness for the SiC coating (4.07 µm) than that of the pure QG (2.83 µm).
[image: Figure 5]FIGURE 5 | (A) Load-distance curve of the SiC/PyC/QG; (B) Friction coefficient versus the sliding time (min) of the pure QG and the SiC coating’QG.
Figure 6 demonstrates the variation of the weight loss with the immersion time recorded for the pure QG and the SiC coated QG in the mixed solution of 5%HF and 5%HCl at 80°C. In the first 2 hours, the weight loss of the SiC/PyC/QG was 0.12%, slightly lower than that of the pure QG of 0.14%. Clearly, the weight loss of the pure QG increased to 0.34%, but the SiC coated QG displayed an excellent anti-acid corrosion with only weight loss of 0.19%. After 8 hours, the weight loss of the pure QG and the SiC/PyC/QG was 0.39% and 0.26%, respectively. The results indicated that the SiC coated QG possesses more outstanding anti-acid corrosion than the pure QG due to the unique characters of the SiC coating.
[image: Figure 6]FIGURE 6 | Graph of weight loss (%) versus time (h) of the pure QG and the SiC coating’QG.
CONCLUSION
Integration of the CVD PyC and CVD SiC systems, the SiC/PyC composite coating was successfully in-situ prepared on the QG surface without halfway in-and-out chamber. The effects of the PyC buffer coating on the preparation of SiC coating on the QG surface were investigated. It was found that the SiC/PyC composite coating exhibited uniform, dense and continuous features by adding the PyC buffer coating, while the pure SiC coating on the QG surface displayed many cracks or even peeled off due to the high internal stress and big thermal expansion coefficient mismatch between the SiC coating and the QG. The hardness of the SiC/PyC/QG was 46.8 GPa, and its modulus was calculated to be 416.3 GPa. The friction coefficient of the SiC/PyC/QG was slightly higher than that of the pure QG with 1.47 vs. 1.45. The SiC coated QG displayed more excellent anti-acid corrosion than the pure QG in the 5%HF and 5%HCl mixed solution with the lower weight loss of 0.26% versus 0.39% after 8 h acid test.
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