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Abstract

Multi-directional carbon fiber reinforced silicon carbide composites (C-SiC) were fabricated
by liquid-silicon infiltration process (LSI) and tested for mechanical and thermal properties.
Typical size jet-vanes were also prepared at best siliconization conditions and tested under a

plume of aluminum based solid propelled Rocket Motor exhaust.

Three types of carbon-carbon (C-C) preforms were developed namely (i) bi-directional (2D)
by polymeric resin (molding process), (ii) three-directional-stitched (3D-stitched) and (iii)
3D-woven by multiple coal-tar pitch impregnations, carbonizations and followed by high
pressure impregnation carbonization (HIPIC) process. The C;Y-C preforms of each type were
siliconized using liquid siliéon infiltration (LSI) method at 1450-1650°C in vacuum for 10-
120 minutes. All the three types of C-SiC composites were characterized for flexural strength
at room temperature. After preliminary siliconization experiments, it was found that 3D-

stitched C-SiC composites gave better flexural strength than the other two fiber architectures.

Factorial design of experiments for siliconization was carried out to study the effect of four
parameters viz. temperature, time, cross-sectional area and height of C-C preforms, on the
density gain and B-SiC formation. Sixteen independent experiments were carried out by
varying these four parameters at two levels (upper and lower). The levels of the parameters
were chosen considering the intended product requirement and limitation of the siliconization
furnace. Effect of individual parameters and their interaction were studied. Siliconization
time and temperature are the two key parameters which affect density gain and B-SiC
formation. Inferences drawn from factorial design of experiments were used to study the
effect of time and temperature on the mechanical and thermal properties of the C-SiC

composites made through stitching process.



3D-stitched-C-SiC composites made through LSI process consist of four distinct constituents
viz. carbon-fibers, carbon-matrix, silicon-carbide (SiC) and un-reacted silicon, which have an
influence on mechanical and thermal properties. C-SiC composites siliconized at different
time and temperature were tested under bending (also termed as flexural), tensile and impact
loading at room temperanne. Flexural strength varied from 130-201 MPa while tensile
strength varied from 60-101 MPa depending on siliconization conditions. Weibull-modulus
approach was adopted to analyze the results of flexural strength. It was found to be 10.18 for
composites siliconized at 1650°C for 120 minutes whereés it was only 6-7 for composites
siliconized at 1450°C for 10 minutes and the corresponding characteristic strengths‘were

185.7 MPa and 120 MPa respectively.

Effect of testing temperature on the flexural strength was also studied upto 1200°C in air.
Since the composites siliconized at 1650°C for 120 minutes offered highest strength at room
temperature, only those were tested at 900°C and 1200°C as well. Flexural strength was found

to be in the range of 150-155 MPa at 900°C and 120-130 MPa at 1200°C.

The composites siliconiied at 1650°C for 120 minutes offered the highest and those
siliconized at 1450°C for 10 minutes, showed the least tensile strength, the corresponding
values were 90-101 MPa and 60-74 MPa respectively. The micro-hardness of the C-SiC
composite phases was also measured using Knoop and Vickers hardness indenters at room
temperature. The composites registered hardness values in the range of 2200-4200 kg/mm®

by both the indentation methods.

Effect of siliconization conditions on thermal properties viz. thermal diffusivity and
coefficient of thermal expansion (CTE) was also studied. Thermal diffusivity of composite
samples in in-plane and through-thickness directions was determined from room temperature

to 1500°C using Laser-Flash equipment. In the in-plane direction, it varied from 74 -15



mm?%/s whereas in the through-thickness direction, it varied from 40-5 mm?/s. Thermal
diffusivity also varied with siliconization conditions. CTE was determined in both the
directions from room temperature to 1050°C. It was found to be higher in the through-
thickness direction than in the in-plane direction. CTE was found to be the higheét for
composites siliconized 'at 1450°C for 120 minutes and the least for composites siliconized at
1650°C for 120 minutes. Also, CTE was found to increase with increase in residual silicon
content in the composite.

Measurements using mercury porosity-meter, solvent capillary infiltration and permeability
were used to characterize internal pore structure of the 3D-stitched C-C preforms. The
effective mean pore radii were determined from each of these studies. A mathematical model
was developed for capillary infiltration of organic solvents. Silicon infiltration was carried
out at 1650°C in 10 C-C preform bars of size 150x17x50 mm’. Infiltration time was varied

from 6 to 180 s. Infiltration heights were measured by X-ray images of siliconized bars.

Some of the C-SiC composite products prepared using the best siliconization conditions were
tested simulating thermal environment by kinetic heating. Kinetic heat test was carried out
using quartz heating lamps simulating a heat flux of 0.6 W/mm?® for 10 minutes. The
composites exhibited very good thermo-oxidative stability against sudden heating.

3D-stitched C-SiC jet-vanes of the density range of 2.25-2.3 g/cc were also prepared. These
were subjected to aero-thermal testing in a solid propelled rocket motor exhaust with a plume
velocity of about 3000 m/s and temperature 2500-3000K. The jet-vanes could withstand the
thermal shock and also severe aero-thermal environment of rocket motor exhaust. Rate of

erosion was found to be in the range of 1-2 mm/s.

The present study led to a very good understanding of the entire process of fabricating C-SiC

composites including preforming involving 3D fiber architecture, rigidization with coal-tar



pitch precursor, siliconization, effect of various parameters of siliconization. and their
combined effect on the silicon uptake, density gain, silicon carbide formation, mechanical
and thermal properties and erosion performance of the jet-vanes. All objectives set for this

particular study were achieved successfully.
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