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Abstract Thermomechanical properties of a 35 vol.% SiC whiskers/Al2 O3 matrix composite were investigated as a function of whisker surface quality. Two batches of SiC whiskers (Tateho-SCW-1-S) were studied. Whisker surface chemistry, as determined by X-ray photoelectron spectroscopy and whisker morphology, as determined by SEM or TEM, was correlated to the thermomechanical properties of the composites. The surface oxygen content of the whiskers was shown to strongly affect the composite thermomechanical properties. High oxygen surface content appears to affect the whisker/matrix interfacial bonding thus decreasing the amount of crack deflection, whisker pullout and whisker bridging which are required to reach high fracture toughness values. © 2004 Elsevier Ltd. All rights reserved. Keywords: SiC; Whiskers; Interfaces; Composites; Thermal properties; Mechanical properties; Al2 O3 /SiC



1. Introduction In ceramic matrix composites, whisker reinforcements are primarily used to enhance the fracture toughness and the flexural strength of the composite at temperatures to 1000 ◦ C. Essentially, the whisker reinforcement prevents catastrophic brittle failure by providing processes that dissipate energy during the fracture process. Toughening mechanisms, such as crack deflection,1–2 whisker pullout,3–7 and whisker bridging,8–10 depends to a large extent on the nature of the whisker/matrix interface. Several factors affect the whisker/matrix interface, including matrix chemistry, whisker surface chemistry, whisker morphology and thermal expansion mismatches. The internal stresses are also expected to affect the toughening behaviour of SiC-whiskersreinforced alumina matrix composite as shown by Predecki et al.11 and Li and Bradt.12
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Recent works on ceramic matrix composites have demonstrated that fracture toughness and flexural strength of polycrystalline Al2 O3 can be significantly improved by addition of SiC whiskers. Becher and Wei,13 Wei and Becher,14 Becher et al.,15 and Homeny et al.16 have achieved fracture toughness values approaching 10 MPa m0.5 and flexural strength values approaching 800 MPa. Furthermore, Homeny and Vaughn17 have demonstrated that the fracture toughness could vary with whisker type from 4 to 9 MPa m0.5 when utilising whiskers that were similar in all aspects, except for surface chemistry. They have associated the high fracture toughness with the presence of carbon and silicon oxycarbide phases on the whiskers surface. Tiegs et al.18 have also performed a detailed study on whiskers from numerous sources and have correlated the oxygen and carbon concentrations of the whisker surfaces with the fracture toughness. According to them as well, the high fracture toughness is associated with the presence of carbon excess on the surfaces, while the low fracture toughness is attributed to oxygen excess. The present work deals specifically with the effect of whiskers quality on the thermomechanical properties of SiC
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whiskers/Al2 O3 matrix composites. Two whiskers batches (Tateho-SCW-1-S) have been used to obtain different morphologies and surface oxidation states.



2. Experimental procedures 2.1. Material preparation Two batches of SCW-1 grade SiC whiskers (Tateho, Japan) have been used as reinforcement material: one batch with a low surface oxygen content of 6 at.% oxygen as received and another batch with a high surface oxygen content of 39 at.% oxygen as received, respectively, labelled ‘L’ and ‘H’. TEM analysis of the ‘H’ batch sample (Fig. 1) reveals the occur-



rence of an oxygen layer on the whisker surface. SEM observations allow making comparisons between the different morphologies of the batches. The whiskers ‘L’ have mainly small cross section (Fig. 2a) whereas the whiskers ‘H’ show mainly large cross section with undulated surfaces (Fig. 2b). The polycrystalline alumina powder utilized for the matrix is SM8 (Ba¨ıkowski Chimie, France, 99.9% alumina, 3% without failure limited only by test fixture, can be significantly improved through the addition of SiC whiskers. The



Fig. 7. SEM micrographs of (a) the tensile surface and (b) room temperature fracture surface of the Al2 O3 /35 vol.% SiC whisker ‘L’ composite after creep testing at 1200 ◦ C in air, showing the SiC oxidation and the liquid phase, respectively.
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Fig. 8. Creep curves, at 1200 and 1300 ◦ C under 100 MPa, for alumina–SiC whisker composites.



creep rate is 7 × 10−10 s−1 for the ‘L’ composite after 60 h of exposure under load 100 MPa and the corresponding final strain is 0.15%, same results have been observed earlier by several authors.28–30 Observations of Al2 O3 /SiCw composites after creep testing have revealed that the SiC whiskers on the surface as well as in the composite core have been oxidized. Precise examination of a sample fracture surface, broken at room temperature after creep testing at 1200 ◦ C in air, has been performed. The SEM micrographs (Fig. 7) show the occurrence of the glassy phase on the surface fracture. The liquid phase formed on exposed surfaces could migrate near the surface grain boundaries of alumina composite and accelerate creep deformation process. At higher temperatures (>1200 ◦ C), the volume fraction of liquid phase increases and the viscosity of liquid phase decreases. Consequently, grain boundaries sliding are more important and induce the formation of grain boundary cavities, the creep behaviour may be deeply modified. The observed creep deformation for ‘L’ composite at a stress of 100 MPa and 1300 ◦ C confirms the precedent hypothesis (Fig. 8). At 1300 ◦ C, the creep strength



of the composite with ‘L’ SiC whiskers has been significantly reduced by 2 orders of magnitude (=1.5 × 10−8 s−1 ). On the other hand, a short stage of tertiary creep is observed before breaking at a strain of about 0.6% and after 40 h. Concerning the composites with ‘H’ whiskers (Fig. 8) the specimen has been broken after only 2 h of testing. This creep behaviour degradation and the increase of the fracture toughness under air, at high temperatures, may be explained by the SiC oxidation and the amount of glassy phase in the grain boundaries. As it has been discussed earlier, toughening by deviation and crack bridging occur in whisker reinforced materials. Consequently, the process zone size is not negligible and non-linear macroscopic fracture behaviour must be observed, producing R-curve effect in which toughness (KR ) varies with crack growth. So, the existence of a R-curve behaviour has been investigated by SENB method. At room temperature and 1000 ◦ C, no stable crack propagation could be obtained for the composites prepared using ‘L’ SiCw , suggesting that there are no extended R-curve behaviour. But hereafter 1200 ◦ C stable crack propagation was observed showing a significant



Fig. 9. Rising crack-growth resistance (R-curve) of alumina–SiC whisker composites at 1200 ◦ C.
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improvement of the R-curve behaviour with temperature. At high temperatures the viscous liquid phase fastens cracks and leads to the formation of well-developed wake zone, associated with whisker bridging. The Fig. 9 shows R-curve behaviour of two composites prepared using ‘L’ and ‘H’ SiCw . For all composites, R increases with crack extension. In the ‘L’ type composite, a rapid increase of KR (KR = 8.8 MPa m0.5 ) is observed followed by a plateau value and a slow decrease after the crack extension a* has reached the value of 600 mm. This KR value corresponds to the steady state of whiskers and may be referred as fracture toughness for crack propagation. In this state, the bridge generation is balanced by its extension and the length of the well-developed bridging zone is given by a*. The R-curve behaviour concerning the ‘H’ composite is different (Fig. 9), the initial K value is much lower and the rising domain is longer than for the ‘L’ composite. This difference in the behaviour may be attributed to the presence of high volume fraction of liquid phase in the ‘H’ composite, thus reinforcement mechanisms such as crack deflection along the interface, whisker bridging and pullout are disabled. It has been shown that Al2 O3 /SiC whisker composites have higher toughness than monolithic alumina, it is believed that these composites also have a higher resistance to slow crack growth. A plot of the V–KI curves (crack growth rate versus stress intensity factor) obtained from the relaxation test at room temperature is showed in Fig. 10 for alumina and two Al2 O3 /35 vol.% SiCw composite materials. The crack velocity measured in the composites also shows a single stage, corresponding to the first stage, but the slope is much higher than alumina (n = 432 for Al2 O3 –35% SiCw and n = 35 for alumina). This suggests that the whisker composite is less sensitive to slow crack growth than alumina. This difference in the behaviour can be attributed to the difference in their microstructures. For the whisker composite, the crack has greater difficulty to move by or through a whisker than only to propagate through the polycrystalline Al2 O3 ,31 in addition
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the differences may become more pronounced during slow crack growth.



4. Discussion Thermomechanical properties of alumina were significantly improved by the addition of SiC whiskers. However, this improvement depends on the whisker quality, particularly the morphology and the surface oxygen content. Thermomechanical properties of the composites prepared with high surface oxygen content whiskers were lower than those obtained with the composites prepared with low surface oxygen content whiskers. This result suggests two possible explanations. First, the superficial silica whiskers and alumina matrix may react to form mullite, producing a strong interface. Consequently, this strong interface minimizes the usual reinforcement mechanisms: crack deflection along the interface, whisker pullout, and resistance to crack opening. In this case reducing the amount of surface oxygen contamination on the SiC whiskers should increased the composite toughness. If it is not the case a second explanation must be found. The SiC whiskers could be degraded through the following reactions: SiC(s) → Si(g) + C(g)



(1)



SiC(s) + 2SiO2 (s) → 3SiO(g) + CO(g)



(2)



SiC(s) + O2 (g) → SiO(g) + CO(g)



(3)



Singhal32



lists these reactions as the most thermodynamically significant reactions above 1727 ◦ C, especially under dynamic vacuum conditions where the gaseous products are continuously removed from the system. Reaction (1) represents the dissociation of SiC into its constituents and is strongly dependent on carbon potential in the system. The extent of reaction (2) in degrading the SiC whiskers is significant, especially when the products are constantly removed in



Fig. 10. The slow crack growth resistance of alumina in region I is significantly increase at room temperature with the addition of the SiC whiskers.
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Fig. 11. TEM micrographs of SiC whiskers after hot-pressing: (a) ‘L’ whisker and (b) ‘H’ whisker.



a dynamic vacuum. Reaction (3), which represents active oxidation of the SiC whiskers, is severely inhibited by the Al2 O3 matrix, which protects the whiskers, and by the reaction of ambient oxygen with the graphite die which significantly reduces the oxygen partial pressure in the hot-pressing chamber. Considering the above discussion, degradation of the SiC whiskers by reaction (2) is the most plausible explanation for the thermomechanical properties decrease of composites prepared with high surface oxygen content whiskers. TEM observations of the two SiC whiskers after hot pressing are in agreement with this hypothesis. Whiskers with high surface oxygen content have a polycrystalline structure, while whiskers with a low surface oxygen content have a monocrystalline structure (Fig. 11). In addition, for composite with low oxygen content, the presence of a thin glass layer along alumina/whiskers interface is observed (Fig. 5). This is not the case for the composite with high surface oxygen content whiskers. 5. Conclusion SiC whisker reinforced alumina composites containing up to 35 vol.% SiC whiskers were hot-pressed to more than 99% of the theoretical density and were shown to have substantial improved fracture toughness and strength compared to monolithic alumina. In addition these mechanical properties remain relatively constant to 1000 ◦ C. Above 1000 ◦ C in air, the low viscosity of the liquid phase, resulting from the oxidation of the SiC whiskers, leads to crack-shielding, thus enhancing mechanical properties and R-curve behaviour. Observations have shown that crack deflection by the whiskers and whisker bridging and pullout are the significant toughening mechanisms. The surface oxygen content of SiC whiskers has a major impact on the mechanical properties of Al2 O3 /SiCw matrix composites. The oxygen surface content appeared to affect the whisker/matrix interfacial bonding thus decreasing the amount of deflection, whisker pullout and whisker bridging which are required to achieve high fracture toughness values.



Mechanical behaviour of whisker-reinforced material was also found to be strongly dependent on the whisker content. The creep rate of alumina at 1200 ◦ C could be reduced by one or two orders of magnitude with the addition of 35 vol.% whiskers. However, an optimum exists where the deformation rate starts to decrease with increasing whiskers content.
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