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CHARACTERIZATION OF SiC/C(B)/SiC MICROCOMPOSITES BY TRANSMISSION ELECTRON MICROSCOPY

Uniform or composition graded C(B) interphases in SiC/SiC model microcomposites were characterized by transmission electron microscopy after tensile tests and thermal ageing in air. A specific method was developed to prepare thin longitudinal sections of the tested specimens.

Deflection of matrix cracks occurs within the uniform C(B) interphase as long as its anisotropy remains high enough (i.e. when the boron content is not too high). It takes place close to the most anisotropic layer (i.e. that containing 8 at. % of boron) in composition graded interphases. In both cases, crack deflection path does not reach the fiber, a feature which is consistent with the good mechanical properties. After ageing in air under tensile loading beyond the proportional limit (600 °C; σ = 800 MPa), the composition graded interphase (made of five sublayers in which the boron content increases from 0 at. % near the fiber to 33 at. % near the matrix) was observed to act as a glass forming protection, the pyrocarbon sublayer (at the fiber surface) remaining unoxidized.

INTRODUCTION

The thermomechanical behavior of ceramic matrix composites (CMCs) can be controlled by depositing on the fiber a thin film referred to as the "interphase" prior to the infiltration of the matrix. An understanding of the micromechanics involved during mechanical loading or under oxidizing conditions can be achieved by using transmission electron microscopy (TEM) [START_REF] Droillard | Strong Interface in CMCs, Condition for Efficient Multilayered Interphases[END_REF][START_REF] Frety | Oxidizing ageing effects on SiC/SiC composites[END_REF] (i.e. by observation of the crack propagation modes).

In the present study a single-filament-test-specimen was used (microcomposite). A 50 mm-long single fiber was successively coated by two layers, first a thin film of interphase and then a thicker layer of matrix. This kind of specimen, which can be easily prepared by CVD, has been recently used to study the mechanical properties [START_REF] Lamon | Determination of Interfacial Properties in Ceramic Matrix Composites using Microcomposites Specimens[END_REF][START_REF] Lamon | Microcomposite Test Procedure for Evaluating the Interface Properties of Ceramic Matrix Composites[END_REF] or to develop and characterize new kinds of interphases [START_REF] Jacques | High temperature lifetime in air of SiC/C(B)/SiC microcomposites prepared by LPCVD[END_REF][START_REF] Jacques | C(B) materials as interphases in SiC/SiC model microcomposites[END_REF]. A method for making thin longitudinal sections of microcomposites was developed and successfully applied to SiC/SiC microcomposites.

The aim of the present contribution is to report TEM characterization which has been performed on uniform or composition graded C(B) interphases (CGIs) developed in the companion paper [START_REF] Jacques | C(B) materials as interphases in SiC/SiC model microcomposites[END_REF] in order (i) to confirm the nature of the successive layers with different compositions constituting the CGIs, (ii) to link their mechanical characteristics to the crack deflection paths and (iii) to observe their evolution when submitted to oxidation conditions.

EXPERIMENTAL

In the direct ion thinning technique of a longitudinal section of a microcomposite (or a fiber), the thinning occurs circumferentially which sharpens the fiber. So, the thin area is obtained close to the fiber core and not near its external surface or the interphase. Berger and Bunsell have proposed, for simple fibers, to align and set them in contact with each other on a copper ring [START_REF] Berger | Thin foil preparation of small diameter ceramic or glass fibres for observation by transmission electron microscopy[END_REF]. Thus, each fiber surface is protected from the Ar + beams by adjacent fibers and thus the chance to obtain thin section of the fiber surface is increased (Fig. 1). Unfortunately, it was very difficult to use this method because of the space left between microcomposites, leading to a sharpening of the microcomposite tip. Thus, a simple and rapid method was developed in the case of specimen sparseness.

A few microcomposites (at least three) were laid parallel, not necessarily in contact with each other, on a silicone slab. Each microcomposite was at least 3 mm long. A drop of epoxy resin 1 was then carefully deposited so that microcomposites keep aligned on the slab as shown in figure 2.a. The microcomposites and the resin were then covered with a second silicone slab. The whole sample submitted to a slight pressure was heated in a drying oven at 160° C during two hours (Fig. 2.b).

After curing, the two silicon slabs were removed yielding a thin hard resin sheet which contained the microcomposites, with a total thickness of about 20 µm, i.e. the microcomposite diameter (Fig. 2.c). Then, it was sticked on the TEM slot copper grid (1 mm wide 2 mm long) (Fig. 2.d). The soprepared sample was then ion-milled 2 at room temperature. This method enabled to fill in totally the spaces between two adjacent microcomposites with resin which protects the side surfaces from a too rapid ion beam milling.

This technique was applied to SiC/SiC microcomposites after tensile test, performed at room temperature up to failure. The microcomposites were those prepared and tested as reported in reference [START_REF] Jacques | C(B) materials as interphases in SiC/SiC model microcomposites[END_REF]. The interphases were made of C(B) materials with different uniform boron contents (I: pyrocarbon, II: 8 at. % B and IV: 20 at. % B) or CGIs A and A'.

In the A-type CGI the interfacial sequence contained four sublayers in which the boron content increases by steps, between 0 at. % B near the 1 Micro-Measurements-Wishay adhesive, Reference M-Bond 610. 2 Dual ion mill 600 from Gatan.

fiber to 20 at. % B near the matrix. In the A'-type CGI an extra sublayer with about 33 at. % B was added near the matrix. Matrix crack deflections within interphases were observed by TEM3 according to the contrasted bright-field (BF) mode. These cracks are not artefacts due to thin foil preparations, since such cracks have never been observed within not tensile tested microcomposites prepared in the same way. Moreover, the resin selected for that preparation was usually observed within the matrix cracks, demonstrating that they were pre-existing before the sampling.

Microcomposites with interphase A' were also thinned and observed by TEM after thermal ageing in air at 600°C under load (applied stress: 800 MPa), using a previously described procedure [START_REF] Jacques | C(B) materials as interphases in SiC/SiC model microcomposites[END_REF]. A parallel electron energy loss spectrometer (PEELS) 4 was used with an electron probe size of about 20 nm for chemical elemental analyses of the oxidized interphase.

RESULTS AND DISCUSSION

Single-layered interphase

Figures 3.a. and 3.b. present typical crack deflections observed in microcomposites with uniform interphases I and II after tensile tests. In both cases, they occur within the interphase itself and not at the fiber surface. These results are consistent with the good mechanical properties observed for these microcomposites (average stress to failure: 1600 MPa and 1350 MPa respectively for microcomposites I and II) [START_REF] Jacques | C(B) materials as interphases in SiC/SiC model microcomposites[END_REF]. This feature has been reported to correspond to a "cohesive" failure mode for real 2D-SiC/PyC/SiC composites [START_REF] Droillard | Strong Interface in CMCs, Condition for Efficient Multilayered Interphases[END_REF]. It is produced by a strong bonding of the interphase with the fiber. On line is the very low matrix crack spacing observed in that case (Fig. 3.a: three matrix cracks observed in an area 10 µm long) (the large crack opening is an ion-milling artefact). These behaviors (i.e. cohesive failure mode, low crack-spacing) are the micromechanical evidences of a matrix cracking-based toughening. This is an alternative interfacial behavior to the debond/sliding mechanism in which the interface first debonds ("adhesive" failure) and where the major contribution to toughness involves sliding of the fibers along the debonded interfaces [8].

Figure 3.c. shows one of the very few cracks which could be observed in tested microcomposites with interphase IV. For this microcomposite, rather poor tensile characteristics were observed (average stress to failure: 985 MPa). It is assumed that the first matrix cracks that appear during the tensile test lead most of the time to failure. In figure 3.c., the crack propagates across the whole interphase and is deflected directly at the fiber surface. Here the bulk of the interphase does not play the role of matrix crack deflector. It has been shown in a previous paper [START_REF] Jacques | LPCVD and characterization of boron-containing pyrocarbon materials[END_REF] that for such a boron concentration in pyrocarbon (20 at. %) the texture is no more laminar but turned isotropic.

Multi layered interphase.

Figure 4 shows an observation of the CGI A' made of five C(B) sublayers with different boron contents. The successive sublayers can be easily distinguished owing to the different contrasts resulting from their different textures [START_REF] Jacques | LPCVD and characterization of boron-containing pyrocarbon materials[END_REF]. After tensile tests most of the microcomposites exhibited an extensive debonding at layer 2 / layer 3 interface. This debonding may be due to thermal residual stress after the CVD preparation at 950 °C. Layer 2, which is rather highly anisotropic, is assumed to exhibit distinct thermal expansion coefficients depending on the direction (lower along the fiber axis than perpendicularly). Conversely, layer 3, whose anisotropy is much lower, may have different thermal expansion coefficients. As a consequence, radial and/or shear stresses may occur at that interface. These internal stresses release when the matrix is cracking. This relaxation allows to deflect matrix cracks, as shown in figure 5. In that case, deflection occurs far from the fiber surface, before they reach layer 1 (pyrocarbon), which is favorable for a good oxidation resistance. With regard to the ultimate performance it was seen that this interfacial behavior resulted in high strength and strain to failure (average stress to failure : 1340 MPa) [START_REF] Jacques | C(B) materials as interphases in SiC/SiC model microcomposites[END_REF]. For interphase A (average stress to failure : 1490 MPa), we could observe a crack multideflection at different levels of the multilayer (Fig. 6). Thus, arrangement of the different layers can control the crack deflection path within the interphase. This is very favorable, since multideflection is energy absorbing and thereafter participates to toughening as previously demonstrated [START_REF] Droillard | Strong Interface in CMCs, Condition for Efficient Multilayered Interphases[END_REF].

Uncontrolled crystal growth

During TEM observations in BF mode of microcomposite thin longitudinal sections, dark areas appeared in interphase II (Fig. 7) or in layer 2 of the CGIs (Fig. 5). This particular phase is systematically present in the C(B) material containing about 8 at. % of boron [START_REF] Jacques | LPCVD and characterization of boron-containing pyrocarbon materials[END_REF] However, the content of this phase in the C(B) layer is rather low. The selected area diffraction (SAD) pattern over an area containing this phase (Fig. 8) reveals clearly the existence of submicrometric polycrystalline structures. High resolution TEM observations and PEELS chemical analyses have not been possible owing to a difficult thinning of such a heterogeneous material.

Inter-reticular distances d calculated from the SAD pattern and a tentative index linking in the face-centered cubic (FCC) lattice (with a lattice parameter of 358 pm) are given in Table 1. Figure 9 shows a microdiffraction pattern (electron probe diameter: 10 nm) with a four-fold symmetry axis corresponding to the FCC lattice. Such a lattice does not correspond to any boron carbide usually deposited by CVD (B 4 C, B 13 C 2 , B 50 C 2 ...) [START_REF] Ploog | Composition and structure of boron carbides prepared by CVD[END_REF][START_REF] Vandenbulke | Composition and structural changes of boron carbides deposited by chemical vapour deposition under various conditions of temperature and supersaturation[END_REF][12] nor pure boron [12]. Figure 10 gives a SAD pattern obtained with the incident electron beam along the [110] direction. Such a diagram could be related to a diamond structure with {111} planar defects, (twins) but also irregular stacking faults as asserted by streaky spots occurrence in the [111] direction. This was already reported by many authors for small diamond crystal size obtained at high nucleation rate [START_REF] Ma | Electron microscopic characterization of diamond films grown on Si by bias-controlled chemical vapor deposiiton[END_REF][START_REF] Suzuki | Electron microscopy studies of dislocations in diamon synthesized by a CVD method[END_REF][START_REF] Zhu | Structural imperfections in CVD diamond films[END_REF][START_REF]Diamond films and coatings[END_REF]. The presence of a diamond structure phase is unexpected because external excitations such as high-temperature filament or plasma or flame were not present. Nevertheless, diamond formation could be explained by the presence of halogens and boron in the reactional H 2 -rich mixture, in accordance with previous works [START_REF]Synthetic diamond : Emerging CVD science and technology[END_REF][START_REF] Patterson | Diamond growth with thermal activation of carbon-hydrogen-halogen systems and growth enhancement with the addition of oxygen[END_REF].

Ageing treatment in air

Observations of interphases A' after ageing treatment in air reveal areas where the interphase remains entirely intact and others where it is partially oxidized as shown in figure 11. It has been difficult to correlate these observations with the presence of matrix cracks because thin areas were not extended enough. In figure 11, layers 3, 4 and 5 have been replaced by an amorphous material (as shown by a diffuse SAD pattern) made of silica, as proved by PEELS analysis (Fig. 12). On location of layers 1 and 2, carbon is still present (Fig. 13). This preferential oxidation can be attributed to the path of matrix cracks. It is supposed that cracks allow oxygen diffusion to layers 3, 4 and 5 but not to layers 1 and 2 because the deflection occurs between layers 2 and 3. Furthermore, oxide has probably protected the first two layers from air: the glass forming-based protection of the three external sublayers appears efficient. The absence of boron in the oxide after ageing can be explained by the great sensitivity of B 2 O 3 towards air moisture resulting in volatile boric acid formation [START_REF] Litz | Oxidation of Boron Carbide by Air, Water, and Air-Water Mixtures at Elevated Temperatures[END_REF][START_REF] Mckee | Borate treatment of carbon fibers and carbon/carbon composites for improved oxidation resistance[END_REF][START_REF] Kobayashi | Formation and oxidation resistance of the coating formed on carbon material composed of B4C-SiC powders[END_REF]. This phenomenon might be enhanced (even at room temperature) for TEM samples due to their very low thickness.

CONCLUSION

A method for making thin longitudinal sections of microcomposites has been developed in order to characterize by TEM interphases in SiC/C(B)/SiC. The matrix crack deflection paths after tensile tests of these microcomposites were observed. It was confirmed that good mechanical properties are due to a matrix crack deflection within the bulk of the interphase before reaching the fiber. This method allowed to evidence by TEM the occurrence of a particular nano-crystallized phase which is embedded in a C(B) material with 8 at. % of boron. On the basis of measurements from SAD patterns and their index linking, this phase was found to correspond to diamond structure with planar defects.

Finally, in the composition graded interphases, an ageing in air results in a consumption of the boron-rich layers close to the matrix yielding a silica containing phase, which seems to protect the low boron content layers close to the fiber. Fiber surface Fiber core Fiber surface Fiber core 
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 1 Figure 1: Ion thinning of fibers in longitudinal sections according to Berger and Bunsell [7]: (a) Isolated fibers are ion thinned circumferentially and the fiber surface is removed. (b) The surface of the fiber in the middle is protected from the ion beam by the adjacent fibers and is still present on the observable thin regions.
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 23 Figure 2: Method for making thin longitudinal sections of microcomposites
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 4 Figure 4: Bright-field image of matrix crack deflection (arrows) in compositional gradient interphase A'. (F: fibre; M: matrix; the numbers relate to the five different sublayers involved in the interphase.)
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 56 Figure 5: Bright-field images of matrix crack deflection gradient interphase A'. The dark areas in layer 2 reveal the presence of polycrystalline structures.
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 7 Figure 7: Bright-field image of a microcomposite with interphase II. The dark areas in the interphase correspond to the polycrystalline structures.
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 8 Figure 8: An electron SAD pattern from the polycrystalline phase evidenced in figures 5 and 7.
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 9 Figure 9: Microdiffraction pattern of a single crystal which belongs to one of the dark areas of interphase II evidenced in figure 7.
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 10 Figure 10: SAD pattern from a single crystal which belongs to one of the dark areas of interphase II evidenced in figure 7. This pattern is typical of a twinned and faulted diamond structure.
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 111213 Figure 11: Bright-Þeld images of a microcomposite with compositional gradient interphase A' after ageing in air at 873 K under load.

  

  

  

  

Table 1 :

 1 Miller indices and inter-reticular distances d calculated from the SAD patterns of the polycrystalline phase evidenced in figures 5 and 7.
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