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Abstract
The oxidation and mechanical properties of SiC/BN/SiBCN ceramic composites made by the polymer infiltration pyrolysis (PIP) before and after high temperature treatment in air at 1200oC, 1350oC and 1500oC for 30h were investigated. The flexural strength of the composite as measured using three-point bending testing and was found to decrease from 280±15MPa to 165±36MPa after the composite was oxidized at 1500oC for 30h. Oxidation of SiC/BN/SiBCN results in the formation of SiO2. SiBCN matrix becomes porous after oxidation and it is more apparent after oxidation at 1350 and 1500oC. This might be caused by the evaporation of B2O3, which is the oxidation product of BN. Meanwhile, B2O3 formed in the interphase layer can react with SiO2 and form borosilicate. The subsequent evaporation of B2O3 leaves silicate in the fiber/matrix interphase, increasing the bonding strength in the fiber/matrix area and resulting in the brittle breaking behavior of the composites after oxidation. 
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1.
Introduction

Developments in nuclear and aerospace engineering make demands on structural materials that can withstand extreme service environment appeared. Due to their excellent mechanical properties[1,2], creep resistance[3,4] and oxidation resistance[5,6], SiC, SiCO, SiCN and SiBCN ceramics are regarded as promising materials that can be used in these area. To overcome the brittle nature of ceramics, continuous fibre reinforced composites (CFCCs) have been developed finding wide application [7]. Meanwhile, the adoption of a PyC or BN interphase is believed to be beneficial for crack deflection, fibre/matrix debonding and fibre pull-out, which can help dissipate the energy and thus improve the mechanical properties of the composites [8-10]. CFCCs are mainly developed using polymer infiltration pyrolysis (PIP) method, liquid silicon infiltration (LSI), chemical vapour infiltration (CVI) etc. Among them, PIP being conducted at a clow manufacturing temperature is expected to have the least negative influence on the fibres[6].

SiBCN matrix is believed to remain amorphous up to 1600-1800oC in inert gas [7]. It generally consists of two phases, namely amorphous SiCxN4-x and graphite-like BNC having high thermal stability[11]. In addition, it is also supposed to have better oxidation resistance than SiC and Si3N4.  Butchereeit et al. [12]. investigated the oxidation kinetics of SiBCN composites at 1300oC and 1500oC and found that the oxide thickness was smaller than that for pure SiC or Si3N4 and its oxidation agrees well with the parabolic law. Li et al.[6]. studied the oxidation of graphene reinforced SiBCN composites and found a porous oxide layer at 1500oC, which is explained by linear kinetics. 
Challenges still exist for the wider application of CFCCs. The oxidation of the interphase, fibre degradation at high temperature, etc. may seriously influence the overall performance of the composites [13]. Nevertheless, the determining factors governing the degradation of the composites have yet to be fully understood. Therefore, the aim of this study is firstly to investigate the oxidation behavior of SiCf/BN/SiBCN composite and secondly the oxidation-induced degradation of mechanical properties. 
In our work, the samples were manufactured using polymer infiltration pyrolyzed (PIP) method. They were oxidized at 1200, 1350 and 1500oC for 30h, respectively. Then three point bending testing was conducted at room temperature to determine the degradation of the flexural strength after oxidation. The phase changes before and after oxidation were also studied along with the variation in the fracture surface as a function of prior oxidation treatment temperature. 

2.
Material and Experimental Methods

2.1. 
Material

SiC/BN/SiBCN composite was manufacuted via the polymer infiltration pyrolyzed method. Table I shows the properties of the fibre used in the composite. The volume fraction of SiC fibre and density of the composite is 42% and 2.38g/cm3, respectively. The SiC fibres were plain weaved to form the fibre preform. 
Table 1. Properties of KD-II SiC fibre[14] .

	Fibre
	C/Si mole ratio
	Oxygen (wt%)
	Density
(g/cm3)
	Diameter
(µm)
	Strength
(GPa)
	Modulus
(GPa)

	KD-II
	1.41
	1.3
	2.7
	12.1
	3.0
	278


2.2. 
Experimental

2.2.1 Sample Oxidation

The as-processed composite was cut into 25mm×3mm×2mm coupons. After that they were variously exposed in a box furnace to temperatures of 1200, 1350 and 1500oC for 30h, respectively. The temperature of the furnace increased at a rate of 6oC/min. After holding for 30h at the target temperature, the composite was cooled to room temperature within the furnace.

2.2.2  Three point bending test

Three point bending testing was conducted at room temperature using an Instron 3344 tensile and compressive tester. The coupons were tested using a span of 20mm with a crosshead speed of 0.02mm/s. The flexural strength was calculated using Eq. 1
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where F is the load on the sample, L, b and h are the support span length, specimen width and thickness, respectively. The flexural strength of the composite after the different thermal exposures was evaluated as the average value of three tests.

2.2.3  Phase and microstructure characterisation
The phase composition of the composites before and after oxidation was characterized by X-ray diffraction (XRD) (40keV/40mA, Cu Kα，Philips X’Pert Pro MPD) in the range of 10-90o with a scanning speed of 4°/min. The microstructure and the fracture surfaces of the composites before and after oxidation were analysed by scanning electron microscopy (SEM, Quanta 650, FEI Co. USA).

3. Results and Discussion
3.1 Composite composition after oxidation 

Figure 1 shows the XRD pattern of the composite before and after oxidation. For the as-received composite, the main phase is β-SiC. After oxidation, less noise is observed on the XRD pattern. After exposure the peaks for SiO2 are observed. Meanwhile, the intensity for for β-SiC is found to decrease with increasing oxidation temperature. This result indicates the oxidation of  β-SiC into SiO2.
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Figure 1. XRD patterns of the SiCf/BN/SiBCN composite as a function of thermal exposure for 30h at different temperatures.
3.2 Flexural strength after oxidation
Figure 1 shows typical stress-strain curves for the composites before and after oxidation  at 1200, 1350 and 1500oC for 30h. For the as-received composite, a gradual, non brittle fracture process was observed, i.e. the flexural stress first linearly increased to 270MPa. Then, it decreased to 240MPa and subsequently increased to 260MPa before it finally fractured. For all the oxidized composites a similar trend is observed. After oxidation, the fracture behavior of the composite changes from a progressive mechanism to a more brittle, catastrophic one. In each case the composite fractured immediately after reaching the maximum flexural stress.  In Figure 1(b), it can be observed that the flexural strength of the composite decreased 280±15MPa to 165±36MPa after oxidation at 1500oC for 30h.
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Figure 2. (a) Stress-strain curve and (b) flexural strength of the composites before and after oxidation at 1200, 1350 and 1500oC for 30h, respectively. The error bars represent the uncertainty over three tests in each case.
3.2 Fiber/matrix interphase
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Figure 3. SEm images showing the fiber/matrix interphase region of the composite before and after oxidation at 1200, 1350 and 1500oC for 30h.

Figure 3 shows the fibre/matrix interphase before and after oxidation for 30h at 1200, 1350 and 1500oC for 30h. For the as-received composites, the BN coating can be clearly observed. However, after oxidation, especially after oxidation at 1350 and 1500oC, the fibre/matrix interface area is evidently seriously damaged. One potential reason for this is the oxidation of BN into B2O3. It then reacts locally with SiO2 from the oxidation of SiC, resulting in the formation of borosilicate. The subsequent evaporation of B2O3 leaves SiO2 in the interphase area, which increases the bonding between the fibre and matrix and causes the embrittlement of the composite.

3.4 Fracture surface of the tested composites

Figure 4 shows the fracture surface of the composite samples after three point bend testing. It can clearly be found that for the original sample, fibre pulling out can clearly be observed, which confirms the reinforcement of fibre in the composite. After oxidation at 1200oC, some fibre pull-out can still be observed, although it is less appearent than for the original sample. However, after oxidation at 1350 and 1500oC, the fracture surface of the composite becomes flat and no fibre pull-out can be observed. Meanwhile, the matrix becomes porous, which might be caused by the evaporation of B2O3, which is the oxidation product of BN. 
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Figure 4. Fracture surface of the as-received composite and samples oxidized at 1200, 1350 and 1500oC for 30h.
4.
Conclusions
Oxidation of SiCf/BN/SiBCN composite at high temperature results in a decreasing flexural strength from 280±15MPa for the as-processed composite to 165±36MPa after oxidation at 1500oC for 30h. The SiBCN matrix becomes porous after oxidation at 1350 oC and 1500oC and some fine pores exist on the oxide layer. β-SiC is oxidized into SiO2 and BN into B2O3 after oxidation. Subsequently, SiO2 reacts with the B2O3 to form borosilicate. After that, the evaporation of B2O3 from the borosilicate leaves silicate in the interface area, increasing the bonding between the fiber and matrix and resulting in the embrittlement of the composite.
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