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Optimization of ceramic matrix composite composition for high temperature lifetime improvement in aeronautic applications

Introduction

The recent development of ceramic matrix composites (CMCs) with Si-B-C selfhealing matrices allowed the lifetime improvement of aeronautic engine parts exposed to air thanks to the formation of a SiO 2 -B 2 O 3 fluid phase that fills the matrix cracks at temperature above 500°C and protects the fibres and the interphase from oxidation [1][2][3][4][5]. However, if the addition of boron-bearing species was very beneficial, a weak point remains and has to be cured: the sensitivity to moisture. Water can react with B 2 O 3 to form H x B y O z (g) at intermediate temperature and with SiO 2 to form Si(OH) 4 (g) at high temperature [6], which limits CMC performances. The addition of aluminium in the Si-B-C matrix has been suggested in order to increase the chemical stability of the healing fluid phase owing to the formation of aluminium borates such as 2Al 2 O 3 .B 2 O 3 [7,[START_REF] Bertrand | French patent[END_REF]. However, thermal lifetime tests in air under a static loading of aluminium-containing CMCs are still required to fully validate the concept.

To achieve this goal, the samples used in this study were minicomposites. A minicomposite is a 1D model composite consisting of one fibre tow composed of around 500 Nicalon fibres (~14 µm in diameter, from Nippon Carbon, Japan), the pyrocarbon (pyC) interphase and the Si-B-C or Si-B-C-Al self-healing matrix. The geometry of the minicomposite is simpler than that of the actual composite and can properly simulate its behaviour [START_REF] Naslain | [END_REF]. Furthermore, thanks to its small dimension, it allowed us to use a hybrid process for the introduction of both boron and aluminiumbearing species in the SiC matrix by combining slurry infiltration with chemical vapour infiltration (CVI). Such a hybrid processed has already been considered [10], but contrary to Tong et al. and because fibre preforms were simple separate tows, the boron-bearing (and aluminium-bearing) particles were first infiltrated within the fibre tows prior to the SiC infiltration by the conventional gaseous route. The thermomechanical properties of the Si-B-C-Al matrix minicomposites were then characterized and compared with those of aluminium-free Si-B-C matrix minicomposites.

Experimental

To produce the minicomposites, the Nicalon NLM 202 fibres were coated with a 200 nm thick pyC interphase within separate tows by classical CVI from propane at low pressure at 1000°C. The matrix was then infiltrated in two steps. First, the tows were impregnated with an ethanol-based slurry consisting of 15-20 wt % solid powder dispersed in the liquid with 2 wt % polyvinylpyrrolidone. The powder was either a mixture of 4/5 submicrometric dimension B 4 C and 1/5 nanoscale dimension AlN particles for aluminium-containing minicomposites or pure B 4 C powder for reference aluminium-free minicomposites. The slurry was simply brought from a pipette and infiltrated through capillarity between fibres. The samples were then dried in ambient air for several hours and heated at 400°C under primary vacuum for 30 minutes in order to eliminate the polyvinylpyrrolidone dispersant. In a second step, SiC was infiltrated by classical CVI from CH 3 SiCl 3 /H 2 precursor gases at low pressure and at 950°C to consolidate the green minicomposites. In the whole final minicomposites, the volume fractions of the pyC-coated fibres, the powder (B 4 C without or with AlN) and ex-CVI SiC were respectively in the ranges of 40 to 45 %, 20 to 30 % and 30 to 35 % (measured by weighing at the different steps of the process).

The minicomposites were tensile tested at room temperature with unload-reload cycles using a machine (MTS Systems, Synergie 200, USA) equipped with a 500 N load cell. The minicomposite ends were glued with an epoxy resin in metallic tubes separated by 20 mm that were then gripped into the testing machine jaws. The crosshead speed was 0.05 mm/min. The minicomposites were submitted to a thermal ageing in air under a static loading. Each specimen, with a 20 mm gauge length, was vertically maintained in the hot area of a furnace between two alumina tubes with an alumina-based adhesive (Aremco ref. 603, USA). Once the temperature reached the setpoint of 600°C or 800°C, a load (5 N higher than the proportional limit measured from the previous tensile tests) was very carefully hung to the bottom end of the alumina tube in the cold area. Such a load allows the same minicomposite damaging degree to be reached and so the same crack opening for any kind of matrix. The specimen lifetime (i.e. the time before failure) was automatically measured by means of a switch connected to a timer which detects the load fall.

The morphology of minicomposite fracture surfaces was observed with a scanning electron microscope (SEM): Quanta 400 FEG V2 using a secondary electron (SE) detector in high vacuum mode for non-oxidised samples and environmental mode (ESEM) with 50 Pa water atmosphere for charge compensation in oxidised samples. Qualitative chemical analyses were also performed in the microscope by Energy Dispersive X-ray Spectroscopy (EDS).

Results and discussion

SEM observations (SE) of the minicomposites shows two distinct structures in the matrix (figure 1a): a granular one corresponding to the presence of the powder brought through the slurry route between fibres and a smooth one corresponding to SiC brought through the gaseous route and surrounding the granular part. The EDS X-ray maps of boron and aluminium (figures 1b & 1c) show that B 4 C and AlN particles are rather well mixed. Furthermore, the EDS X-ray map of silicon reveals that SiC is homogeneously infiltrated into the powder (figure 1d). So, the consolidation of the powder during the further CVI step has been efficient. Fig. 2 displays a typical mechanical tensile curve for each kind of minicomposite. Minicomposites without and with AlN exhibit quite similar tensile behaviours with small residual strains and high failure forces (respectively 110 N and 130 N). In both cases, an extended non-linear domain evidencing matrix microcracking and fibre/matrix debonding follows the initial linear elastic region. However, some differences arise from these tests. The minicomposite with AlN tends to exhibit a plate-like behaviour; its initial Young modulus is slightly smaller (150 GPa with AlN versus 185 GPa without AlN) as well as its proportional limit (55 N with AlN versus 60 N without AlN). The presence of nanometric AlN particles could generate some closed nanoporosity in the matrix which could be responsible for this slight different mechanical behaviour. Taking into account the proportional limits of the minicomposites, the loads chosen for the thermal ageing tests were 60 N with AlN and 65 N without AlN. At 600°C, two minicomposites with AlN and two minicomposites without AlN were tested: the lifetimes were 101 and 116 hours with AlN and 48 and 49 hours without AlN. The lifetime increase with AlN (about 4 days instead of 2 days without AlN) is not significant enough to conclude about the role of aluminium. In both cases, SEM observations (figure 3) show the presence of a vitreous phase in the matrices which seem less granular than before the oxidation. EDS analyses confirm the presence of a significant amount of oxygen in addition to the initial chemical elements. The pyC interphase is damaged and has been partially replaced by the oxide phase. Therefore, the attack of the fibres from oxygen combined with boron oxide is eventually responsible for the minicomposite failures. At 800°C, three minicomposites of each kind were tested: the lifetimes were 8 days, 8 days and 11 days with AlN and only 1 day, 1 day and 2 days without AlN. At this higher temperature, the behaviour improvement is clearly shown by the lifetime increase of about one order of magnitude in the presence of aluminium. In these severe conditions and after more than one week of oxidation, the morphology and the composition of the matrix is quite similar to the ones observed after four days at 600°C (figure 4a and checked by EDS): the granular parts are embedded in a vitreous oxide phase. Conversely, after only one day of exposure at 800°C, the aluminium-free matrix exhibits a very different morphology: the original granular part is almost totally replaced by silica as revealed by EDS analysis and SEM observation (figure 4b). This last result confirms that the presence of aluminium allows the integrity of self-healing matrices to be preserved and so the lifetime of CMCs to be further improved in severe conditions. Aluminium is known to react with B 2 O 3 to form alumina borate, which limits the capability of B 2 O 3 to dissolve SiO 2 . In addition, it has been shown that the introduction of Al 2 O 3 and SiO 2 inside B 2 O 3 , contributes to increase the chemical stability of this glassy phase and its efficiency against oxygen diffusion and logically its further reactivity with SiO 2 and/or SiC [7,[START_REF] Bertrand | French patent[END_REF].

b) a) Conclusion

SiC/Si-B-C and SiC/Si-B-C-Al minicomposites were successfully prepared by using a hybrid process combining a slurry route with CVI. The slurry route was first used to introduce B4C particles with and without AlN particles within the fibre tows and then CVI to infiltrate SiC in the whole samples. If no clear conclusion can be drawn from tests at 600°C about the role of aluminium, thermal ageing tests in air under a static loading and microstructural characterization show that aluminium significantly improves the stability of the self-healing matrix and so the lifetimes of the minicomposites at 800°C. 
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 1 Figure 1: SEM image (SE) of a minicomposite fracture surface a) and corresponding EDS X-ray map of boron b), aluminium c) and silicon d).
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 2 Figure 2: Typical tensile curves with unload-reload cycles for the minicomposites
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 3 Figure 3: ESEM observation of minicomposites after ageing in air at 600°C under load with AlN initially introduced in the matrix (a) and without AlN (b).
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 4 Figure 4: ESEM observation of minicomposites after ageing in air at 800°C under load with AlN initially introduced in the matrix (a) and without AlN (b).