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Abstract. 
The precursor-derived and near-stoichiometric SiC fibres (KD-S) were exposed at 1000–1500°C for 1 h in the simulated aeroengine circumstance of  = 14:8:78 KPa with the gas rate of 200 ml/min. The results indicated that the oxidized KD-S fibres were covered by silica layer. The oxygen content, grain size of silica, and oxide layer thickness increased, whereas the tensile strength decreased with rising annealing temperature. KD-S fibres treated under simulated aeroengine circumstances showed larger SiO2 grain size, thicker silica layer, and better residual strength than those annealed in dry air. The steam could accelerate the oxidation on KD-S fibres by reducing the active energy. The influence of water vapour on the oxidation behavior of KD-S SiC fibres was investigated and discussed as well.



1. Introduction
Silicon carbide fibres () with high tensile strength, high elastic modulus, and excellent thermal stability have been applied as the reinforcement materials for ceramic-matrix composites (CMCs). The continuous silicon carbide reinforced ceramic-matrix composites (-CMCs) have been widely used in military equipment and aircraft components such as combustor liners and turbine vanes [1, 2]. Although a protective silica layer could be generated during passive oxidation, the oxidation resistance of SiC fibres still needs to be improved. In combustion process, the water vapour produced from burning hydrocarbon in air is calculated to be 5-10% in the combustion gas under equilibrium conditions [3]. Therefore, the reaction of SiC fibres with water vapour is a concern.
Previous studies [4–6] on microstructure evolutions of SiC materials in various oxidizing environments have demonstrated that the water vapour increases the oxidation rate of SiC in the passive regime and affects the oxidation mechanism markedly. And these works [7–9] also show that the fibres oxidation follows a linear-parabolic law due to the silica film protecting inner fibre to be further oxidized, and the formation and structural evolution of the film are greatly affected by the heat treatment temperature or time and/or oxidizing environment. Additionally, some researches [10, 11] were conducted under the simulated aeroengine circumstance to guide the design of the SiC fibres microstructure for a better service in the future.
Many works, mainly focused on Hi-Nicalon fibres (manufactured by Carbon Company, Japan), on the oxidation behavior of SiC fibres have been documented. However, wet oxidation behavior of KD-S (a type of precursor-derived and near-stoichiometric SiC fibres, manufactured by National University Defense Technology, China), annealed under simulated aeroengine circumstance, has seldom been reported. Therefore, in this paper, an environment of  = 14:8:78 KPa was used to simulate the aeroengine circumstance. The KD-S SiC fibres were exposed in the simulated atmosphere at 1000-1500°C for 1 h to evaluate the fibres high-temperature properties and to explore the fibres wet oxidation behaviors.
2. Experimental Procedures
The KD-S SiC fibres used in this study were produced by our laboratory using the procedure of Yajima [2, 5]. These near-stoichiometric SiC fibres were obtained by adding hydrogen to eliminate excess carbon during sintering process. The KD-S fibres were firstly desized by pyrolysis at 500°C in air for 20 minutes to remove polyvinyl alcohol. Table 1 shows some typical properties of KD-S fibres after desizing.
Table 1: The typical properties of KD-S fibres after desizing.
	

	Fibres	Diameter 
(μm)	Tensile strength  
(GPa)	Modulus  
(GPa)	Density  
(g/cm3)	Elongation  
(%)	Oxygen 
(wt.%)	Carbon 
(wt.%)	C/Si 
(atomic) 
	

	KD-S	11	2.8	320	2.87	1.23	1.0	31.8	1.05
	



Under the protective atmosphere of argon, the desized fibres were put into high-temperature furnace and heated to 1000, 1100, 1200, 1300, 1400, and 1500°C, respectively, with the heating rate of 10/min. On reaching the designed temperatures, the atmosphere of  = 14:8:78 KPa was introduced into the furnace with a flow rate of 200 ml/min to simulate the operating circumstance of aeroengines. After a holding duration of 1 hour, fibres were cooled down with the protection of argon flow. The same KD-S fibres were also annealed in dry air at 1000-1500°C for 1 h for comparison.
Tensile tests were carried out at room temperature on monofilaments before and after the annealing treatment, using a monofilament tensile testing machine (Testometric Micro 350, UK), with 25 mm for the test length and 5 mm/min for the tensile speed, and each result is the average of 24 times tests. Oxygen content was measured by oxygen elemental analyser (EMGA-320V2, Horiba, Japan). The phases existing in fibres were identified by X-ray diffractometer (XRD, D8 Advance, Bruker AXS, Germany), with 40 kV voltage, 30 mA current, Cu Kα diffraction patterns, and scanning speed of 0.1°/s. By scanning electron microscope (SEM, Quanta FEG 250, FEI, USA), secondary electron images were obtained to observe the morphology of fibres, whereas the thicknesses of oxide layers were measured by the contrast in backscattered electron images [10].
3. Experimental Results
3.1. Tensile Test of KD-S Fibres
Figure 1 shows residual tensile strength of KD-S SiC fibres before and after annealing under simulated atmosphere of  = 14:8:78 KPa and dry air at 1000, 1100, 1200, 1300, 1400, and 1500°C for 1 h, respectively. Obviously, the growth of annealing temperature caused increasingly severe strength degradation. The fibres exhibit higher strength after heat treatment under simulated atmosphere than in dry air. As typical brittle ceramic materials, the mechanical properties of SiC fibres show wide dispersion. Therefore, the measured strengths of KD-S perform scatting ranges in Figure 1.




	
	
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
		
		
			
	


Figure 1: The tensile strength of KD-S fibres after annealing at 1000-1500°C for 1 h.


3.2. Oxygen Content and Silica Layer Thickness
The oxygen contents of KD-S SiC fibres after annealing under simulated atmosphere and in dry air, respectively, were presented in Figure 2(a). It clearly appeared that the oxygen content increased with rising annealing temperature, and the oxygen contents of fibres annealed under simulated atmosphere were higher than those in fibres annealed in dry air. The original oxygen content of KD-S fibres was 1.0 wt.%, which markedly increased to 13 wt.% after the annealing at 1500°C for 1 h in simulated atmosphere.
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(b)
Figure 2: The oxygen content and oxide layer thickness of KD-S fibres after annealing at 1000-1500°C for 1 h. (a) Oxygen content and (b) oxide layer thickness.


Figure 2(b) shows the effect of temperature and atmosphere on the silicon oxide layer thickness of KD-S SiC fibres after annealing treatment for 1 h in simulated atmosphere and dry air. Apparently from Figure 2(b), the oxide layer thickness grew with the increase of annealing temperature. Also, it is obvious that the silica layer on fibres exposed under simulated atmosphere was thicker than that on fibres annealed in dry air.
3.3. X-Ray Diffraction Profile
The XRD patterns of SiC fibres before and after annealing under simulated atmosphere were displayed in Figure 3(a). Three main peaks were assigned to the (111) plane, (220) plane, and (311) plane of β-SiC existing in the patterns of KD-S SiC fibres. These three main peaks remained unchanged with rising annealing temperature, indicating the presence of β-SiC in all the fibres before and after annealing treatments. The diffraction peak of α-cristobalite appeared at 2θ = 21.98° after the annealing treatment at 1300°C for 1 h under simulated atmosphere and then gradually sharpened as the temperature increased to 1400 and 1500°C, which indicated the formation and crystallization of α-cristobalite by oxidation.
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(b)
Figure 3: The XRD patterns of KD-S fibres after annealing for 1 h. (a) Under simulated atmosphere. (b) Under simulated atmosphere and under dry air.


It can be observed from Figure 3(b) that peaks of β-SiC show little difference in fibres annealed both under simulated atmosphere and in dry air. But the grain sizes of α-cristobalite grew larger in fibres annealed under simulated atmosphere than those in dry air. These results indicate that annealing temperature and steam have little effect on the growth of β-SiC grains, while they obviously accelerate the crystallization of α-cristobalite.
3.4. Morphology
To further analyse the oxidation degradation of KD-S SiC fibres after annealing treatment under simulated aeroengine atmosphere, the surfaces and cross sections of KD-S SiC fibres before and after annealing were observed via SEM. Figure 4(a-1,a-2) shows the morphologies of KD-S fibres after annealing in simulated atmosphere at 1100°C for 1h; it can be seen that the fibres surfaces were very smooth and the edge of cross section was even. The fibres were coated by a thin oxide film. With temperature rising to 1300°C, as shown in Figure 4(b-1 and b-2), the fibres surfaces became rough and the cross sections were relatively uneven. After annealing treatment at 1500°C, as can be seen obviously from Figure 4(c-1,c-2), there were cracks and pits on the fibres surfaces, while the fibre core was covered by a thick silica layer.






	
	
		
			
		
	


Figure 4: SEM graphs of KD-S fibres after annealing under simulated atmospheres for 1 h. (a) At 1100°C, (b) at 1300°C, and (c) at 1500°C.


4. Discussion
4.1. Effects of Steam on the Oxidation Kinetics
Silicon carbide materials could be oxidized in the passive/active oxidation regime, which is influenced by the purity and microstructure of materials, as well as the temperature and oxygen partial pressure [2]. Previous studies have confirmed that SiC fibres with low oxygen content would be passively oxidized in both wet air and dry air [12]. And the reactions are shown as follows:
Generally, oxide film would form during the passive oxidation. The resistance for the oxidizing medium diffusion through oxide film would increase with thicker silica layer. Consequently, the silica layer could protect the inner SiC fibres from further oxidation. In the model of cylindrical fibres, follow the two-dimensional disconstrained rate equation for diffusion control [13]:
where X stands for the oxidized fraction, Kd represents the rate constant for diffusion control step, and t is the oxidation time.
Although the density of silicon carbide differs from that of the silica layer, experimental results have shown that the average change in diameters of KD-S fibres is less than 1.5% after oxidation. Therefore, the diameter of KD-S fibre is regarded as a constant during the oxidation, with negligibly small change in diameter. Thus, X, the oxidation fraction, could be expressed as follows:
where r0 is the initial fibres radius and m is the thickness of silica layer.
The Arrhenius equation to calculate reaction active energy is as follows:
where K stands for the rate constant; A is a system constant; E represents the active energy (KJ/mol); R means universal gas constant (); T is thermodynamic temperature (K).
We could deform (5) into (6), in which  is linear to T−1 with curve slope standing for the active energy.
The rate constant was calculated by substituting (4) into (3) and using the oxide layer thickness dates shown in Figure 2(b). Then substitute rate constant at different temperature into (6) and the results are presented in Figure 5. It can be calculated from curve slope that the reaction active energies under simulated atmosphere and in dry air are Qwet = 135 KJ/mol and Qdry = 200 KJ/mol, respectively. This result indicates that the water vapour may accelerate KD-S SiC fibres oxidizing by reducing the oxidation active energy.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
		
		
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
		
		
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
	


Figure 5: Arrhenius equation plot of oxide rate for KD-S fibres in simulated atmosphere and dry air.


4.2. Effects of Steam on Mechanical Properties
Figure 6 shows the morphologies of KD-S fibres after annealing at 1400°C for 1 h. As displayed in Figure 6(a-1,a-2), when annealed in simulated atmosphere, the fibres surface has formed compact oxide film and the cross section is relatively flat. The failure of rupture located in the interface between inner fibre and silica layer. However, when the fibres were annealed in dry air as shown in Figure 6(b-1,b-2), there were many healed microcracks in the silica layer and crack in the cross section, which was caused by the mismatch of thermal expansion coefficients between inner fibre and outer silica layer. Obviously from the comparison of morphologies, the strength degradation of fibres annealed in dry air was more severe than that of fibres annealed under simulated atmosphere, which is consistent with the results in Figure 1.






	
	
		
			
		
	


Figure 6: The morphologies of KD-S after annealing at 1400°C for 1 h. (a) Under simulated atmosphere. (b) Under dry air.


At the same time, the XRD results indicate that the amorphous silica preferably crystallized into α-cristobalite when KD-S fibres were annealed in simulated atmosphere than in dry air. The α-cristobalite crystals embedded within amorphous silica could generate the fine grain strengthening, which may be beneficial to the retention of tensile strength [10, 14]. All above issues may be the reasons to contribute to the result that the residue strength of KD-S SiC fibres annealed under simulated atmosphere was higher than that in dry air.
5. Conclusion
Wet oxidation behaviors of a precursor-derived and near-stoichiometric SiC fibres (KD-S) were investigated in a simulated aeroengine circumstance of  = 14:8:78 kPa at 1000-1500°C for 1 h with gas rate of 200 ml/min. And the mechanical and structural evolutions of KD-S were characterized. The following conclusions were drawn from the experimental results.
 The residual tensile strength decreased with rising annealing temperature both in simulated atmosphere and in dry air, but retention of strength in simulated atmosphere is always higher than that in dry air.
 The oxidizing temperature and water vapour have little effect on the growth of β-SiC grains, while they obviously promote the crystallization of α-cristobalite.
 The water vapour accelerates the oxidation rates and reduces the active energy. The oxidation active energies of KD-S SiC fibres in simulated atmosphere and in dry air are Qwet = 135 KJ/mol and Qdry = 200 KJ/mol, respectively.
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