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Abstract: Two-dimensional carbon/carbon (2D C/C) composites are a special class of carbon/carbon composites, generally obtained by combining resin-impregnated carbon fiber clothes, which are then cured and carbonized. This study deals with the preparation of a protective coating for these materials. This coating, based on graphite, was prepared by the slurry method. The effect of graphite and phenolic resin powders with different weight ratios was examined. The results have shown that the coating slurry can fill the pores and cracks of the composite surface, thereby densifying the surface layer of the material. With the increase of the graphite powder/phenolic resin weight ratio, the coating density is enhanced while the coating surface flatness decreases; moreover, the protective ability of coating against erosion first increases (from 1:3 to 2:2) and then decreases (from 2:2 to 3:1). When the weight ratio is about 1:1, the coating for 2D C/C composites exhibits the best erosion resistance, which greatly aids these materials during gas quenching. In this case, the erosion rate is decreased by approximately 41.5% at the impact angle of 30° and 52.3% at normal impact, respectively. This can be attributed to the ability of the coating slurry to infiltrate into the substrate, thereby bonding the fibers together and increasing the compactness of the 2D C/C composites.
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1  Introduction

As a special class of carbon/carbon composites, two dimensional carbon/carbon (2D C/C) composites are synthesized based on stacking up with resin-impregnated carbon fiber cloth, followed by curing and carbonization [1,2]. Due to their simple preparation process, 2D C/C composites have large amounts of pores and cracks [3,4]. Furthermore, fibers in these composites are not tightly bound because of the lack of adequate support by carbon matrix, derived from impregnated resin.

2D C/C materials exhibit the advantages of low cost and capability of being designed for complex wall products, which are extensively applied in thermal insulation protection of high-temperature equipment due to their good thermal insulation performance [5]. During gas quenching, there are some particulate substances in air flow, which could result in erosion after impingement with thermal insulation materials, and have adverse impacts on the thermal insulation of the equipment reducing their safety. Fig. 1 shows severe erosion of 2D C/C composites in high-pressure gas quenching furnaces. While the requirements of quenching rate increase for some heat treatments, high gas pressure may easily cause erosion on the surfaces of such materials. It is also necessary to be kept in mind that, enhancing the anti-erosion properties of these materials in the process of high-pressure quenching is essential.
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Figure 1: Erosion of 2D C/C composites in high-pressure gas quenching furnace

Generally, two methods are available for solving the above problem; one is increasing material compactness [6], and the other is preparing protective coatings for the materials [7,8]. For 2D C/C composites, densification processes mainly include chemical vapor deposition and liquid impregnation. Chemical vapor infiltration is a time-consuming process (usually more than 100 h) and is expensive [9]. Liquid impregnation requires several repetitions and high impregnation pressure for further densification, which imposes high cost due to increased requirements for materials [10]. The above mentioned two densification methods cannot enhance the erosion resistance of 2D C/C composites due to increased manufacturing cost, which may weaken the advantage of the material. Compared with densification, the coating method has many advantages such as property improvement, high performance and cost effective, and secondary treatment for reutilization. Therefore, protective coatings are very suitable tools to meet the requirement of high erosion resistance.

Several coatings have been investigated for improving the erosion resistance of porous C/C composites. Carbon-based coatings and claddings exhibit superior erosion resistance to unprotected composites and improve erosion resistant ability to varying extents [11,12]. Ceramic coatings, including SiC, TiC and SiO2–Al2O3–Y2O3, have been fabricated by several methods to be applied in C/C composites and revealed significantly stronger anti-erosion property than substrates with one order of magnitude greater erosion rates [13–15]. Graphite coating has the same composition with 2D C/C composites, and may not bring other pollution in the requirement of high purity environment for the thermal field. Also, it has obvious advantages including physical and chemical compatibility and better bonding strength compared with other coatings. Therefore, graphite coating is commonly used as pre-coating and coating in carbon materials. In addition, graphite coating can decrease the porosity of the surface of such materials, improving their erosion resistance. Today, graphite coating can be fabricated by several methods, such as slurry-sintering, sol-gel, deposition, and spaying [16–18]. Among these methods, the slurry method has many advantages, such as easy process, easy operation, low cost, and controllable thickness.

In this research, graphite coatings were prepared on the sample surface according to the slurry method. The microstructure and erosion performance of graphite coatings were also examined. The influence of slurry composition on coating performance was investigated. Finally, the features of graphite coatings were observed and erosion mechanisms were analyzed.

2  Experimental

2.1 Preparation of Graphite Coating for 2D C/C Composites

Substrate samples (60 × 60 × 8 mm3) were cut from bulk 2D C/C (Shanghai Jingchi Carbon Co., Ltd., Shanghai, China). The samples were then polished with #400 SiC paper and dried at 373 K for 4 h after ultrasonically cleaning in distilled water. Graphite coatings were synthesized using slurry technology because of their various advantages such as simple operation and short production cycle. Phenolic resin (45.2% carbon yield, Shandong Shengquan Chemical Industry Co., Ltd., Jinan, China) and fine graphite (particle size of 3.5–4 μm, Shanghai Yifan Grahite Co., Ltd., Shanghai, China) were adequately mixed at a certain proportion. Then, the mixed powders were dissolved in ethanol with a weight ratio of 1:1 and mixed for 30 min. The as-prepared slurry was applied on the surface of C/C composites with a brush. The coating thickness was adjusted by brush coating times. Samples were cured at 393 K for 2 h, then carbonized and graphitized in an argon atmosphere for 3 h at 1473 K and 1923 K, respectively.

2.2 Characterization

Phase compositions of graphite coatings were studied by X-ray diffraction (XRD) method on Bruker D8 Focus. The morphologies of graphite coatings were observed by scanning electron microscope (SEM, ZEISS SUPRA 55).

2.3 Erosion Testing

Erosion tests were performed by a gas-blast apparatus according to reference [15]. Alumina particles with flaky and angular morphologies are universally used in this field due to their high hardness which can cause large erosion rates. During erosion tests, alumina particles with an average size of 120 μm and flow rate of 50 mg/s were adopted as eroded particles. Particle velocity was tested using rotating double disks and adjusted by air pressure. In this test, air pressure and speed were set at 0.15 MPa and about 25 m/s, respectively. Fig. 2a illustrates the schematic diagram of the erosion testing device. This test was carried out under impact angles of 30° and 90°, and the results are shown in Fig. 2b.
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Figure 2: Schematic diagram of erosion device (a) and erosion angle (b)

Target specimens were 25 × 25 × 8 mm3 in size. Erosion tests were carried out at room temperature. The samples were ultrasonically cleaned with ethanol, weighed accurately, and subsequently placed on erosion test bench support. Erosion frequency was once every 5 s and samples were weighed to determine mass change. The erosion rate was determined according to the proportion of mass loss due to erosion and mass dissipation of erodent particles. Erosion surface micro morphology of the coating was inspected by SEM.

3  Results and Discussion

3.1 Microstructure of Graphite Coatings

Fig. 3 shows the macrograph of uncoated and graphite-coated 2D C/C composites. According to the results presented in this figure, the surface of the graphite coating was bright gray with gloss and was relatively smooth with no obvious cracks. When graphite powder is introduced into the system, many interfaces can be formed in graphite coating, which can relieve thermal stress due to volume shrinkage. Moreover, the interfaces may greatly reduce the number and size of cracks, creating a relatively compact coating.
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Figure 3: Macrograph of uncoated (a) and graphite-coated (b) 2D C/C

XRD results of samples and graphite coating are shown in Fig. 4. A weak and broad peak appeared, which was characteristic of disordered carbon and reflected that the crystallinity of the substrate was low. After graphite coating, the typical (002) diffraction peak at 26.5 of graphite crystal became sharper, and those of (100) and (004) appeared.
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Figure 4: XRD results of sample and graphite coating

Fig. 4 presents SEM images of the surface and cross-section of graphite coating. From Figs. 4a and 4c, the coating was seen to be composed of flake graphite and the carbon derived from phenolic resin was relatively dense and continuous, which was different from substrate surface characteristics. However, many pores were seen on the coating, which might be mainly caused by irregular stacking of flake graphite powder and incomplete filling with resin-pyrolytic carbon. From Figs. 5b and 5d, graphite coating thickness was about 50 μm. Coating slurry penetrated into the substrate and bonded the fibers together, resulting in the densification of the 2D C/C composite skin layer to a certain extent. However, fiber bundles were still loose and there were obvious gaps among fibers in the substrate where the slurry was not penetrated. Surface densification could be expected to enhance erosion resistance capacity.
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Figure 5: Micrographs of graphite coating: (a) and (c) surface, (b) and (d) cross-section

To study the relation between slurry composition and erosion resistance of graphite coatings, three coating types with different weight ratios of graphite and phenolic resin were prepared. Weight ratios were set to 1:3, 2:2, and 3:1. Fig. 6 exhibits the SEM images of graphite coatings. With the increase of graphite weight ratio, graphite coating porosity was gradually decreased, while coating density was increased. From Fig. 6a, it was seen that abundant cracks and fibers were created on the surface of 2D C/C composites. However, as the graphite weight ratio was increased, the cracks and exposed fibers were completely covered by graphite coating, and the flatness of the graphite coating surface gradually decreased. At the same time, it was observed that some bumps (Fig. 6e), with similar morphology to “ridge”, were formed on the graphite coating surface. This phenomenon could be explained by the fact that when graphite powder content was small (low weight ratio), coating slurry had low viscosity and could easily penetrate into the substrate during the brushing process, resulting in the ineffective covering of the surface by the coating; therefore, some fibers were exposed. Also, cracks on the coating were produced due to large volume shrinkage during the carbonization process of phenolic resin. With higher graphite powder contents in the slurry, the carbon yield of the coating was increased, which could fill cracks and make graphite coating denser. On the other hand, graphite powder increased the viscosity and decreased the fluidity of the coating slurry; therefore, the slurry was prone to form a dense coating. At too high of graphite powder contents, the fluidity of coating slurry was remarkably decreased, resulting in uneven spreading of slurry on the substrate surface; therefore, it was easy to form some “ridges” along the trace of the brushing process.
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Figure 6: SEM images of the graphite coatings synthesized with different weight ratios of graphite powder and phenolic resin (a) and (b) 1:3, (c) and (d) 2:2, (e) and (f) 3:1

3.2 Erosion Resistance of Graphite Coatings

Fig. 7 shows the erosion mass loss curves of graphite coatings on samples at 30° and 90° impact angles. It was seen that graphite coating improved substrate erosion resistance at both normal and oblique impact angles. In addition, the extent of the erosion performance improvement of graphite coating was determined by the weight ratios of graphite powder and phenolic resin. After 50 s, the erosion resistance of graphite coating was first increased and then decreased by increasing the graphite powder content. With the graphite weight ratio increased, the erosion mass loss of the graphite coatings decreased 28.7%, 41.5%, 8.6% at 30° impact angle and 40.8%, 52.3%, 19.2% at 90° impact angle, respectively. This result reflected the fact that graphite coating showed better erosion resistance at an impact angle of 90° compared to that at 30°. At the 1:1 weight ratio of the two components, graphite coating showed the highest erosion protective ability. The erosion rate curves of graphite coatings at impact angles of 30° and 90° are illustrated in Fig. 8. The erosion rates of graphite coating were 17.2 mg/g at 30° impact angle and 23.3 mg/g at 90° impact angle. According to comparison results, coating treatment enhanced anti-erosion property by about 41.5% at the impact angle of 30° and 52.3% at normal impact. With longer erosion times, the erosion rates of primary samples remained relatively constant, while that index of graphite-coated samples had an obvious change interval. Moreover, that index of graphite-coated samples also remained constant before and after the change interval, and the erosion rate was larger in the early stage than in the late stage. Variation of erosion rate for graphite-coated specimens meant that the erosion mechanism was changed significantly.
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Figure 7: The erosion mass loss curves of graphite coating at different impact angles (a) 30° and (b) 90°
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Figure 8: The erosion rate curves of graphite coating for C/C materials with various impact angles (a) 30° and (b) 90°

According to the variations of erosion rate curves, the erosion process of graphite-coated 2D C/C included three stages. In the first stage (region I), solid particles accelerated and impacted graphite coating, the erosion mass loss of samples was mainly the graphite coating. In the last stage (region III), graphite coating was worn out and solid particles began to impact the interfacial bond layer between substrate and coating, resulting in the removal of bond layer materials. At this stage, the specimen erosion rate was significantly decreased, which might be caused by interfacial bond layer densification by slurry infiltration in the process of coating preparation. In stage (II), there was a transition region that revealed the mixed erosion of graphite coating and interfacial bond layer.

Furthermore, even graphite-coated specimens with graphite and phenolic resin weight ratio of 3:1 in coating slurry exhibited larger erosion rates compared to that of the substrate in the initial stage of the erosion process. This was because graphite is soft and is easily fractured and delaminated by solid particles impacting repeatedly, which may increase the specimen erosion rate. As the graphite coating was completely removed, solid particles directly impacted on the substrate, decreasing the erosion rate. Therefore, the erosion rate of graphite-coated specimens was greater in the early erosion stage than that in the last erosion stage. At 30° impact angle, there were many “ridges” composed of graphite powder, which were easily cracked by oblique impact, and demonstrated large erosion rates.

3.3 Erosion Mechanism of Graphite Coatings

The macromorphology of erosion scar for graphite-coated 2D C/C composites under various impact angles is shown in Fig. 9. Under different impact angles, specimen direction is accordingly changed. In this impact experiment, particle flow divergence at different impact angles was also observed. Previous erosion-related studies have found that particle flow divergence was increased at low-impact angles, which led to the formation of an oval depression [19,20].
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Figure 9: Macrographs of graphite coating for specimens after erosion at various impact angles (a) 90°: circle, (b) 30°: ellipse

Figs. 10 and 11 present the SEM images of the eroded surfaces of graphite-coated specimens at 30° and 90° impact angles, respectively. Graphite coatings were severely damaged and worn out in the central area of erosion at both oblique and normal impact angles. Additionally, the coatings fracture, the fibers breakage can also be seen from the edge and center erosion region. In the early erosion stage, the coating replaced substrate erosion, which might provide protection at a certain amount for 2D C/C composites. It had a significant effect on improving the stability of composite materials and better met the requirements of thermal insulation performance. At 30° impact angle (Fig. 10), ploughing marks were observed parallel to the erosion direction, while coating fracture was presented perpendicular to the erosion direction. From high magnification SEM micrographs (Figs. 10b and 10d), fibers exhibited cutting damage. At 90° impact angle (Fig. 11), ploughing marks disappeared and the erosion mechanism in this circumstance mainly consisted of graphite coating fracture and fiber breakage.
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Figure 10: Erodent surface morphologies of specimens with graphite coating at 30° impact angle: (a) and (b) the edge of erosion scar, (c) and (d) the center of erosion scar
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Figure 11: Erodent surface morphology of graphite-coated specimens at 90° impact angle: (a) and (b) the edge of erosion scar, (c) and (d) the center of erosion scar

For graphite-coated samples, the main impact factors of erosion resistance were as follows: (I) Graphite coating took the place of matrix erosion in the early stage, providing protection for 2D C/C samples. (II) Coating slurry filled pores and cracks on the matrix surface, which caused a stronger 2D C/C surface than substrate. (III) Coating slurry could penetrate the substrate and bond carbon fibers, which not only increased the number of interfaces obtained from coating slurry, but also provided enough support for fibers [21,22]. At this time, even if the fibers were broken, they were still bonded with the substrate, as shown in Fig. 12a. Furthermore, the delamination of the fractured fibers needed to destroy more interfaces (Fig. 12b), which might prevent crack initiation and propagation during the erosion process and increase the breakage energy required for fiber debonding. Therefore, the erosion resistance ability graphite-coated 2D C/C samples was obviously enhanced.
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Figure 12: Typical micromorphology of fibers after erosion: (a) fibers fragments, and (b) fibers removal

4  Conclusions

2D C/C materials were modified for erosion resistance by graphite coating according to a low-cost slurry method. With the increase of graphite powder/phenolic resin weight ratio, the porosity and smoothness of the coating gradually decreased, while its density evidently increased. The erosion resistance of graphite coatings was first increased and then decreased. The graphite coating prepared with equal weight ratios of graphite powder and phenolic resin exhibited the best anti-erosion property, which obviously decreased the erosion rate of 2D C/C samples by about 41.5% and 52.3% at impact angles of 30° and 90° after 50 s erosion, respectively. The improvement of graphite coating on the anti-erosion property could be explained by the fact that coating replaced the matrix to erosion in the early erosion stage, and coating slurry infiltrated into the composites, enhancing the fiber bonding and increasing the interfaces, which can prevent the initiation and propagation of cracks during the late erosion process. The morphologies eroded surfaces revealed that the major erosion mechanisms of graphite-coated 2D C/C samples were graphite coating fracture, fiber breakage, and fiber/matrix debonding. Furthermore, the erosion mechanism involved the ploughing of carbon fiber bundles and cutting of the carbon fiber surface at an oblique impact angle.
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