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C/SIC COMPOSITES FOR PROPULSION APPLICATION
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Carbon fiber reinforced silicon carbide (C-SiC) composites are ideal materials for thrust vectoring control of
missiles due to their high specific strength, erosion resistance and high temperature capability. Jet-vanes based thru
vectoring control is required in the initial phase of the launch where aerodynamic forces are insufficient to get required
maneuverability. The environment experienced by the jet-vanes is very severe with typical gases temperature aroun
2500K at about 3-4 Mach; the exhaust gases contain hard tiny particles of alumina and results in severe erosion of je
vanes. An indigenized technology based on liquid-silicon-infiltration method is developed for C-SiC composite jet-
vanes. The jet-vanes have been tested and repeatedly performed successfully in solid propellant rocket motor. Thi
paper describes the research efforts put for developing the technology and fabrication of the Jet-Vanes.
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Komro3utsl ¢ yrieBosokHOM B Kapoua-kpemHueBoil marpuiie (C-SiC) sBisOTCS naeabHBIM MaTepraioM
JUTSL CHAPSIIOB C YIIPaBIsIEMBbIM BEKTOPOM TATH Onarofapsi MX BBICOKOH YAETBHOH MPOYHOCTH, COMPOTUBICHUIO
9PO3UH M BBICOKOH TeMIlepaType UCIOIb30BaHUs. YIPaBIeHUEe BEKTOPOM TATH HEOOXOIMMO Ha HavajbHOH (ase
3amycKa CHapsi/ia, KOTa adpoIMHaAMUYECKOM CHITBI HEZIOCTATOUHO JJIsl HY)KHOTO MaHeBpHupoBaHusi. CpeJia, B KOTOpoi
paboTaroT HaIpaBJISIFOIIME JIOMIATKH B COIUIC, BEChbMa arpeccuBHa; mpu Temmeparypax jgo 2500°K moroka co
ckopocTaMH 3-4 M Ta3 MOXKET HeCTH TBEPJIbIC MEJIKHE YaCTUIbl OKCH/IA allFOMHHUS, BBI3BIBAIOIIHIE SPO3HIO.

J1s mormy4eHust KOMIO3UTHBIX JIONATOK pa3paboTaH ynpasisieMblil TEXHOIOTHYECKUH poliecC, OCHOBAHHBIN Ha
MHOUIBTPALMK paciuiaBa KpeMHus. JlomaTkyu ObUTM yCHENIHO MCIBITaHbl B YCIOBHAX PabOTHl COBMECTHO C
TBEPJOTOIJIMBHBIM paKeTHBIM JIBUTaTeseM. HacTosinas craThst OMUCHIBACT UCCIICAOBAHMS, HANpaBICHHbIC Ha
TEXHOJIOTHIO TIOJTyYSHHS JIOTIATOK.

Kniouesnie cnosa: coruiobie nonarku, 3D C-SiCKoMIO3UTHI, MeX. CBOMCTBA, TeMIIEpaTyPHbIC CBOHCTBA.

1.0 Introduction

Vertically launched missile systems require jet-vane based thrust vector control during the initial phase of the
launch. The environment experienced by the jet-vanes is very severe with typical exhaust gases temperatures arour
2500K at about 3 —4 Mach velocity. C-SiC composites have received considerable attention as materials for jet-vanes
because of their superior strength, fracture toughness, and erosion resistance properties [1-3]. C-SiC composites a
made using chemical vapor infiltration (CVI) of methyl-tri-chloro-saline vapors over heated carbon fibers and made to
crack thereon depositing SiC [1]. CVI process is very slow and requires 1000’s hours long continuous processing
along with very precise control requiring sophisticated equipments. German Aerospace Center (DLR) has developec
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liquid-silicon-infiltration (LSI) based C-SiC composites using the polymeric resins as carbon source, which is relatively
fast [5]. In our laboratory, an indigenized technology based on liquid-silicon-infiltration method is developed for C-SiC
composite jet-vanes using coal-tar pitch impregnation followed by silicon infiltration and chemical reaction. In LSI process,
molten silicon infiltrates into the pores of carbon-carbon (C-C) preform developed through pyrolysis of coal tar pitch
impregnated carbon fiber composites by capillary action and reacts with carbon to form SiC matrix. SiC provides oxidation
and erosion resistance to the structure which is of prime importance for the jet-vanes applications [4-7]. Mechanical anc
thermal properties of the composites are required as design input for the jet-vanes design. There are many activitie
involved in the development of je-vanes like: optimization of process, characterization, machining, design and testing.
This paper describes the most critical activities i.e. process technology, characterization and rocket motor testing
Issues like machining and design have been discussed in brief for completeness.

2.0 Materials and experimental procedures

2.1 Materials: High strength carbon fiber reinforcement in the form of woven fabric and tows were used to
fabricate 3-D-stitched carbon fibrous preforms. Low quinoline soluble coal-tar pitch was used as carbon source for
rigidization of preforms and high purity silicon metal of Indian Metals and Ferroalloys was used for siliconization.

2.2 Preform developmenBD-stitched carbon fibrous performs were prepared by stitching several layers of
the 3k/8H satin woven carbon-fabric layers with 6k carbon fiber tows to impart third direction reinforcement.

2.3 Densification:3D carbon fibrous preforms were rigidized by vacuum infiltration with coal-tar pitch at
200-300 °C followed by carbonization at 900-1000 °C and graphitization at 2500-2600 °C. Densification of porous
Carbon- carbon was done hgt- iso- static-pressureimpregnation-carbonization (HIPIC) at 1000 bar 8086 °C
in inert atmosphere to get C-C composite preforms of densities 1.55-1.60 §iliconization process was
optimized with respect to properties; the siliconization was carried out at 1450-1650 °C for 10 to 120 minutes.
Schematic of the silicon infiltration process is shown in Figure 1. Sixteen C-C composite preforms were siliconized
and factorial design of experiments was employed. Properties of the coupons were determined at each condition
Effect of siliconization conditions has been discussed in details by Suresh et al. [8].

2.4 Characterization:The C/SiC composite coupons processed at different conditions were cut according
to ASTM standards and were tested for mechanical and thermal properties. Flexural strength under three poin
bending load was determined as per ASTM C-1341 while tensile strength as per ASTM C-1275-00 using universal
testing machine (Instron, model 8801). Thermal diffusivity and coefficient of thermal expansion were determined as
per ASTM E-1461 and ASTM C-1470-00 respectivélye properties were found to be the best for the coupons
siliconized at 1650 °C, 120 minutes. Therefore jet-vanes were siliconized at 1650 °C, 120 minutes. Several C-C
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Fig. 1. Schematic of silicon infiltration
Puc. 1. Cxema nponumku KpemHus
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preform blocks were machined to near net shape of jet-vanes and were kept in a graphite crucible along with lump:s
of silicon metal in a vacuum furnace, shown in fig. 1. Silicon infiltration was carried out.

3.0 Results and discussion

3.1 Physical propertiesSilicon uptake and density of the C-SiC composites after siliconization were mea-
sured. Silicon uptake was observed in the range of 38-44% for the coupons siliconized at different conditions.
Uptake is found to be increased with time and temperature. It was also observed that content of SiC in the matrix
increases with time and temperature. The reaction of carbon matrix and molten silicon is instantaneous but furthel
reaction is dominated by diffusion of silicon through SiC layer. Therefore uptake of Si and formation of SiC
increases with time and temperature. Density of the C-SiC composite coupons and jet-vanes siliconiz¥i at 1650
120minutes varies in the range 2.15-2.25g/cc uniformly while the coupons siliconized at other conditions show
higher variation w.r.t. silicon uptake and density. The experimental C-SiC composite coupons siliconize@at 1650
120minutes along with jet-vanes were cut into standard sizes for mechanical and thermal characterization.

3.2 Mechanical propertiestsing the design of experiments (DOE) it was established that mechanical prop-
erties improve with siliconization time and temperature. Therefore for detailed analysis coupons siliconizé@,at 1650
120minutes were chosen.

3.3 Flexural strength:Flexural strength was determined for 15 specimens. Flexural strength is found to be in
the range 140-203MPa while strain to failure is in the range 0.003-0.0035. Average strength and standard deviatior
were found to be 173.4 MPa and 17.8 MPa respectively.

Ceramic materials are sensitive to initial heterogeneities (e.g., inclusions, porosities). These imperfections are
created during the fabrication of the material and are usually randomly distributed within the material or at the surfaces,
which lead to scatter in the failure load. The scatter in bending properties of 3D-stitched-C-SiC composites is attrib-
uted to three factors, i.e. characteristic non-uniform shrinkage of C-C preform blocks, fiber-matrix interface, and
location of the third-direction reinforcement carbon-fiber tow in the test specimen. It is well known that residual pores/
non-uniform gaps in the texture are considered as a kind of defects and act as failure source. The specimens whic
failed at lower loads than usual were examined under stereo-microscope, optical microscope and scanning electro
microscope. It was observed that the specimen offers lower strength than usual if any of the following existed: i) lager
diameter pore (>100n ) in span length, ii) third direction stitched at the edge of the specimen, iii) interfacial de-
bonding. To obtain reliable design inputs the specimens must be prepared and tested as per STM standard and tl
results to be interpreted suitat8y Tensile strengthTensile strength was found to be in the range 75-102MPa with
average strength of 90MPa and strain to failure is in the range of 0.0078-0.0092. Tensile strength measured ol
dumbbell as well as on straight specimen was found to be similar. All specimens failed in the respective gauge lengths
The variation in tensile strength values was analyzed and it was concluded that the factors responsible for variation it
flexural strength are responsible for variation in tensile strength. Further details can be extracted from Suresh et al. [8]

The scatter in mechanical properties of 3D-stitched-C/SiC is attributed to the characteristic non-uniform shrinkage
of C—C, interfacial situation between fiber and matrix, and location of third-direction reinforcement carbon-fiber tow in
the test specimen. It is well known that residual pores/non-uniform gaps in the texture are considered as a kind o
defects in the ceramic composites and act as failure source. In 3D-stitched-C-SiC composites, there are small pore
which lie between warp and weft of fabric (of the order of few microns) at cross-over points and the larger pores
between two fabric layers (up-to 300 microns). This fact was confirmed by porosity data from mercury porosity-meter
testing. Pores are found in the wide range of 0.001-324 microns diameter. During carbonization and graphitization
coal—tar pitch shrinks on to the fabric layers. The fabric layers do not shrink with carbonization of pitch because of
third direction carbon fiber reinforcement. Due to the limitation of the LSI process and structure complexity of 3D-
stitched-C-SiC, it is very difficult to fill all the pores completely. Specimen offer lower strength than usual if any lager
diameter pore comes in span length. It has also been observed that the properties vary with the composition of th
matrix. The composites, where siliconization was carried out at higher temperature and for longer durations the SiC
content was found to be higher as compared to the ones which were siliconized at lower temperature. The mechanici
properties were found to increase with siliconization time and temperature.
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3.5 Thermal propertiesThermal properties of such composites are highly dependent on the testing direction.
As a design input these have to be available for both the directions i.e. in in-plane and through thickness directions

3.5.1 Thermal diffusivity:The in-plane thermal-diffusivitie$I of the C-SiC composite blocks are found to be
two-three times higher than those in the through-thickness direchidiyaries from 77 at room temperature to 14.7
mn¥/s at 1508C in in-plane and 36 - 6.1 nifa in through-thickness direction. Thermal-diffusivity decreases with
increase in testing temperature for all the C-SiC composite blocks and in both the testing directions. Thermal diffusivity
decreasing nature of these composites is due to similar nature of the basic constituents of these composites [8]. Th
is thermal diffusivity of the carbon fibers, SiC, and silicon metal decreases with testing temperature. Different aspects
of the thermal diffusivity and its dependence on the process parameters are published elsewhere [9].

3.5.2 Coefficient of Thermal Expansion (CTE)CTE was also investigated in in-plarié) and through-
thickness directiond) from room temperature to 108D The in-plane CTE was found to vary in the range 0.5-
2x10°°C, while the through-thickness CTE in the range 1.5- 4®00depending on the siliconization conditions.
Extensive microstructure studies were carried out to understand the thermal expansion behavior of the composites
Above 600C steep expansion is observed due to de-bonding of the third direction fibers and positive expansion of
carbon fibers. Third-direction stitching helped greatly to contain the CTE much lower than the C-C and CVI based
C-SiC composites. The information was used as design input for designing of the jet-vanes thickness, insulation anc
jet-vane metal interfaces. The different aspects of the coefficient of thermal expansion and its dependence on th
process parameters are published elsewhere [10]. Summary of the properties generated and their comparison wi
the materials developed is given in Table 1.

Table 1
Comparison of properties with material developed at DLR, Germany1, 5, 7
Unit Present study DLR, Germany
Fiber content Vol.% 40-42 -
Density g/cn 2.2-2.4 2.4
Flexural strength MPa 160-240 180-200
Tensile strength MPa 70-100 80-190
Young’s modulus (GPa) 40 60
Strain to failure % 0.15-0.20 0.15-0.35
(I75-15
Thermal diffusivity | mnf/s [35-8 -
(25-1506C)
] [T-1-1x10°
(M1x10
CTE fc [2.0-5.0x10°
01.5-2.0x1¢ (25-15006C)
(25-1006C)

4.0 Applications of C/SiC composites

As mentioned above, C/SiC composites are used for several applications like hot-structure, propulsion products
leading edges and nose tip etc. Jet-vanes used for the thrust vectoring application for the advanced rocket systen
are very critical. In the subsequent sub-sections some details of the jet-vane fabrication and testing is given.

4.1 Jet-vane fabrication and testingdeveral jet-vanes were siliconized. Silicon uptake varies from 43 to 46%
while gain in density varies from 0.67-0.72 gf@uonsistently. The final density was found to be 2.3 §(erd.05%).
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4.2 Machining: Due to the presence of SIC matrix the C-SiC composites are very hard and cannot be ma-
chined using conventional techniques and tools. The machining isusually carried out in two steps.

i) At C-C composite preform block level where bulk of the material isremoved,

ii) After siliconization the jet-vanes were machined using diamond wheel grinding and Electrical Discharge
Machining (EDM) wire cutting.

4.3 NDT Characterization: Nondestructive testing (NDT) studies were carried out to qualify the jet-vanes for
testing under rocket motor exhaust. Interior micro-cracks and low density zones were investigated. X-ray images
of somejet-vanes siliconized are shown in Figure 2. De-lamination and micro-cracksfreejet-vaneswere qualified
for testing. Now, the indigenous process has been standardized and rejection rate has been reduced to less than 5%
of the processed jet-vanes. Few jet-vanes have to be tested using computer added tomography before acceptance.

Fig. 2. X-ray images of qualified jet-vanes
Puc. 2. Penmezenoeckoe uzoopasicenue conio6oil 10namku

Jet-vanes

Fig. 3. Jet-vanes testing (static test)
Puc. 3. Hcnvimanus conniogoit nonamku (Cmamua)

4.6 Jet-vanes testing under rocket-motor exhaust: Jet-Vanes were tested in the plume of SRM. The SRM
was loaded with the composite propellant composed of hydroxyl-terminated poly-butadiene, aluminum powder
(17%, w/w) and ammonium per-chlorate (oxidizer) and some other additives. Using aspecial fixture four Jet-Vanes
were held at 90° w.r.t. each other in the SRM plume. The plume hits the leading edge of the Jet-Vane at 0° for 8 s,
the plume is paralel to the fabric layers and perpendicular to the third direction (reinforcement) stitches. The
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Fig. 4. Tested jet-vanes under rocket-motor exhaust
Puc. 4. Connoean nonamka nocie HaxoxHcOeHus 6 RPOOYKMAx c20PAHUA MEEPOOMONTIUBGHOZ0 OBU2AMEN

velocity of the exhaust gases was of the order 3000 m/sec and temperature, of the order of 2500 °C. A set of 4 jet-
vanes was used for testing; a picture of the actual test which was taken shown in Figure 3.

The jet-vanes have sustained the mechanical and thermal |oads. The tested jet-vanes were retrieved from the rocket
motor and anayzed for the erosion and weight loss. Weight loss was observed in the range of 6-7 %. Erosion was
observed at |eading edges of thejet-vaneswhich werefacing the exhaust (Figure 4). The bodies of jet-vaneswere found
intact and there was no structural damage. Also no surface cracks were observed. Erosion rate was found to be
consigtent intherange 1.0- 2.5 mmy/sfor dl the tested jet-vanes, which iswell within the design requirements[11].

5.0 Conclusions

A simpleindigenoustechnology for the C-SiC composite et vanes has been devel oped. Thejet-vanes performed
successfully in solid propelled rocket motor tests. Thisindigenous technology initiative effort has also resulted in
realization of C-SiC composite productsfor erosion resistant throat-inserts, hot gas-valves, leading edges and nose
tip of the hypersonic technology demonstration vehicle.
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