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Manufacturing of CMCs by active filler technique followed by PIP process
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This study explores the manufacturing of ceramic matrix composites (CMCs) by a hybrid process. Fiber preforms were impregnated with submicronic powders using the slurry method under low pressure. These powders were active fillers intended to reduce the porosity by the subsequent formation of new phases in reactive atmosphere. The choice of suitable active fillers: TiSi 2 and AlB 2 enabled to develop a low temperature process (≤1100°C). The impregnated preforms were heated under nitrogen atmosphere and new phases were formed with an interesting volume expansion. Finally a polymer impregnation and pyrolysis (PIP) process was performed with a liquid polymeric precursor. The morphology and chemical composition of the matrix were analyzed using scanning electron microscopy, X-ray diffraction analysis and mercury porosimetry. The mechanical properties of the composites were determined by 3-points bending tests.

Introduction

In the preparation of (CMCs), densification of fiber preforms can be performed via different routes, such as chemical vapour infiltration (CVI), polymer impregnation and pyrolysis (PIP), sol-gel route, reactive melt infiltration (RMI) or slurry infiltration and hot processing (SI-HP). [1][2][3] Using complementary methods of densification as slurry impregnation with filler powder and liquid polymer impregnation enables to obtain an effective process with a low price/performance ratio. However, large volume shrinkages of up to 80% can be measured during the pyrolytic conversion of polymers to ceramic. The repetition of numerous impregnation and pyrolysis cycles is then necessary to obtain a dense material. 4 P. Greil suggested overcoming this problem with active fillers, which react during pyrolysis to form oxides, carbides or nitrides. [5][6][7][8][9][10][11] These reactions occur with a volume expansion that can compensate for polymer shrinkage. However, most active fillers react only at high temperatures (T>1400°C) and/or in oxidizing atmosphere. This can be a major drawback if the fibers are damaged at high temperatures, or if the ceramic derived from the precursor faces oxidation. Two intermetallic compounds have been identified as interesting active fillers: titanium disilicide and aluminum diboride. Indeed, under nitrogen atmosphere, the nitridation of TiSi 2 and of AlB 2 starts in a temperature range around 1000°C. This study explores the processing of ceramic matrix composites by slurry impregnation of active filler, subsequent nitridation and eventually PIP with a polysiloxane.

Experimental procedures

Materials

Two commercial micro-sized powders were used in this work: TiSi 2 (-325mesh, Neyco) and AlB 2 (-200mesh, Neyco). Composites were fabricated from 3D fiber preforms (~2mm thickness) made of woven Nicalon fibers (Nippon Carbon Co.). These SiC-based fibers are unstable at high temperatures because of the silicon oxycarbide phase they contain, which decomposes beyond 1100-1200°C. The resin used as a preceramic polymer is a phenyl-containing polysiloxane (H62C from Wacker). It is a solvent-free liquid silicone resin, which cures by the effect of heat and an included platinum catalyst.

Processing of composites

The first step was the milling of TiSi 2 and AlB 2 commercial powders, which were not fine enough to be impregnated into the fiber preforms. They were milled with a planetary ball mill (Retsch PM200). Tungsten carbide (WC, d=15.6g/cm 3 ) accessories were chosen in order to perform high energy millings: 3mm in diameter balls and a 125mL hermetic jar. 20g of raw powder and 280g of WC balls were loaded with 20mL of isopropanol in the WC jar. The millings were performed at a jar rotational speed of 1300rpm during 3 hours. In order to limit the temperature raise in the jar, the milling time was split in eighteen 10 minutes effective milling periods interrupted by 20 minutes cooling periods. The active filler powders were mechanically mixed with ethanol in order to obtain a slurry. The addition of poly-ethylene imine (PEI) enabled to stabilize the colloidal suspension. A concentration of 15%V of active filler powder could be obtained with an optimum concentration of 2.5mg of PEI per square meter of powder. The fiber preforms were immersed in a beaker of suspension. The beaker was then placed in a vessel which was evacuated, and the vacuum was held for one hour. The samples were then removed from the suspension, and the solvent was evaporated by heating at 100°C under vacuum for one hour. This slurry impregnation was repeated four times. The next step was the nitridation of the active fillers. Impregnated samples were placed in a furnace and heated under a flow of nitrogen gas at a ramping rate of 10°C/min up to 1100°C, and maintained at this temperature for 5h. Eventually, a polymer impregnation and pyrolysis (PIP) cycle was performed on the samples. The composites were immersed in the liquid preceramic polymer in a beaker. The beaker was placed in a vessel, which was evacuated and heated at 60°C in order to reduce the viscosity of the polymer. After one hour of impregnation, the samples were removed from the beaker and put in a furnace. They were heated under argon atmosphere at a ramping rate of 20°C/min up to 200°C, maintained at this temperature for 2h for curing; the temperature was then raised to 900°C for pyrolysis at a rate of 10°C/min, and maintained at this temperature for 1h.

Characterizations

Specific surface areas were determined by the BET method (ASAP 2010 from Micromeritics); samples were degassed by heating at 220°C during 4h immediately prior to measurements. The porosity of the materials was determined by mercury porosimetry (Autopore IV 9500 from Micromeritics). Materials structure was identified by X-ray diffraction (XRD). XRD patterns were obtained with a Siemens D5000 diffractometer using Cu Kα radiation in Bragg-Brentano geometry. They were recorded using a step size of 0.04° for the 2θ range 10-90°, and a counting time of 4s per step. The microstructure of CMCs was observed by scanning electron microscopy. Experiments were carried out using a 400 FEG microscope from Quanta. 3-points bending strength of test pieces 50mm (length) x 10mm (width) x 2mm (thickness) in size was measured with a universal testing machine (Instron 5860) at a cross-head speed of 0.5mm/min with a span of 30mm, at room temperature.

Results and discussion

Microstructure and porosity

Planetary milling of TiSi 2 and AlB 2 commercial powders enabled to obtain submicronic powders with specific surface areas of 12 and 129m²/g respectively.

A porosity of 65% was measured by mercury porosimetry for the starting fiber preform. The weight gain was measured after each slurry impregnation of the active filler powder. After four successive impregnations, no further weight gain could be obtained and its average value was of 35% with TiSi 2 and of 19% with AlB 2 . The impregnated active filler were subsequently nitrided for 5h at 1100°C. At this temperature, a partial nitridation has to be considered for TiSi 2 (1): TiSi 2 + ½ N 2 → TiN + Si (1) ΔW/W 0 = 13.5%

ΔV/V 0 = 39.4% The nitridation of a micronic TiSi 2 powder is discussed in an other paper.

12 A total nitridation (2) would require higher temperatures 13-16 ; no significant amount of Si 3 N 4 could be obtained after 5 hours at 1100°C with this milled powder. TiSi 2 + 11/6 N 2 → TiN + 2 Si 3 N 4

(2) ΔW/W 0 = 49.4%

ΔV/V 0 = 59.8% The nitridation of AlB 2 follows a different mechanism. At 972°C, the congruent melting of AlB 2 produces two phases: AlB 12 and Al. AlB 12 remains stable at 1100°C under nitrogen, but Al is nitrided into AlN. The outcome of AlB 2 nitridation at 1100°C is then as follows (3): AlB 2 + 5/12 N 2 → 5/6 AlN + 1/6 AlB 12

(3) ΔW/W 0 = 24.0% ΔV/V 0 = 35.4% The weight of the composites were measured before the impregnation of the preceramic polymer and after the final pyrolysis. An average weight gain of 33% of amorphous ceramic material was measured for both TiSi 2 -based and AlB 2 -based samples. X-ray diffraction analyses were performed on composites matrices after this final PIP step. The XRD pattern of the nitrided TiSi 2 matrix shows the presence of TiN and Si phases; traces of TiO 2 could also be detected. The XRD pattern of the nitrided AlB 2 matrix exhibits peaks corresponding to the AlN and AlB 12 phases, as well as traces of Al 2 O 3 . In both cases no peaks corresponding to the initial active filler appear. Figure 2 shows the overall microstructure of a CMC with TiSi 2 active filler. It can be observed that the TiSi 2 grains filled the inter-tow porosity efficiently; but much less the intra-tow porosity. Moreover, it can be pointed out that the polysiloxane did not wet the nitrided grains: they remained uncovered by the precursor and therefore unbound. The porosity after active filler nitridation and only one PIP cycle was determined by mercury porosimetry. A porosity of 24% was measured for nitrided AlB 2 -based composites, and a porosity of 15% for nitrided TiSi 2based composites, with apparent densities of 2.1 and 2.2g/cm 3 respectively.

Flexural strength of composites

The flexural strength (σ) is defined as the maximal strength in the 3-points bending test. It is approximated according to the equation ( 4): σ = 3 F L / 2 w t² (4) where F is the maximal force (in Newton) recorded during the test, L the support span, w the width and t the thickness of the sample (in meters). Composites produced from TiSi 2 nitridation displayed an average flexural strength of 120±10MPa. Figure 3 This flexural behaviour is typical of a CMC: the first linear part of the curve shows an elastic behaviour of the material; it is followed by a cracking stage until the sample fails. Lower values were obtained for AlB 2 -based composites: an average flexural strength of 80±5MPa was measured during 3-points bending tests. Several millimeters long cracks could be observed in the longitudinal section of the composites after failure (figure 4). These long cracks occurred mainly between matrix and fiber tows, rather than within the matrix. Fiber pull-out also revealed fiber-matrix debonding. and sometimes introduce passive or active fillers. [21][22] CMCs elaborated by the CVI technique exhibit significantly higher mechanical properties.
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Conclusion

Composites were produced by a process combining the active filler technique and the impregnation and pyrolysis of a preceramic polymer. Choosing this liquid route and Nicalon fiber preforms enabled to develop a low-cost process performed at temperatures below 1100°C. Depending on the starting active filler, ceramic matrices were obtained in the TiN/Si or AlN/AlB 12 system after nitridation. From the mechanical point of view, the composites fabricated with TiSi 2 performed better than those fabricated with AlB 2 , with an average flexural strength of 120MPa and a final porosity of 15%. However this value remains lower than those reported in literature for analogous composites elaborated by chemical vapour infiltration. The flexural strength is clearly limited by the poor cohesion between nitrided grains and between matrix and fibers. The polysiloxane H62C which was used in this work did not fill the intergranular porosity efficiently. Finding a more suitable preceramic polymer could improve the matrix cohesion and the matrix/fibers bonding, and therefore the mechanical properties of the composites.
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 1 Figure 1. XRD patterns of nitrided matrices. (□) Si ; (•) TiN ; (○) TiO 2 ; (■) AlB 12 ; (▲)AlN ; (Δ)Al 2 O 3 .
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 2 Figure 2. SEM micrographs of a CMC with TiSi 2 active filler. The porosity after active filler nitridation and only one PIP cycle was determined by mercury porosimetry. A porosity of 24% was measured for nitrided AlB 2 -based composites, and a porosity of 15% for nitrided TiSi 2based composites, with apparent densities of 2.1 and 2.2g/cm 3 respectively.
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 23 Figure 3. Stress-displacement curves during a 3-points bending test on a TiSi 2 -based composite (black) and on a AlB 2 -based (grey) composite.This flexural behaviour is typical of a CMC: the first linear part of the curve shows an elastic behaviour of the material; it is followed by a cracking stage until the sample fails. Lower values were obtained for AlB 2 -based composites: an average flexural strength of 80±5MPa was measured during 3-points bending tests. Several millimeters long cracks could be observed in the longitudinal section of the composites after failure (figure4). These long cracks occurred mainly between matrix and fiber tows, rather than within the matrix. Fiber pull-out also revealed fiber-matrix debonding.

Figure 4 .

 4 Figure 4. SEM micrographs after failure of a CMC with TiSi 2 active filler. The same range of flexural strength values is reported in literature for CMCs elaborated by liquid routes. Authors often choose to multiply PIP cycles, 17-20
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