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Vapor-Phase Fabrication and Properties of 
Continuous-Filament Ceramic Composites 

-- - 

The continuous-filament ceramic composite is becoming 
recognized as necessary for new, high-temperature struc- 
tural applications. Yet because of the susceptibility of the 
maments to damage from traditional methods for the 
preparation of ceramics, vapor-phase infiltration has be- 
come the fabrication method of choice. The chemical 
vapor S t r a t i o n  methods for producing these compos- 
ites are now being studied in earnest, with the complexity 
of aament weaves and deposition chemistry beii merged 

with standard heat and mass-transport relationships. Two of 
the most influential effects on the mechanical properties of 
these materials are the adhesion and frictional force between 
the fibers and the matrix, which can be controlled by a 
tailored interface coating. A variety of materials are available 
for producing these composites including carbide, nitride, 
boride, and oxide filaments and matrices. Silicon carbide- 
based materials are by far the most advanced and are already 
beii used in aerospace applications. 

u NTIL JUST A FEW YEARS AGO, VAPOR-PHASE SYNTHESIS 

was rarely thought of as a route to structural materials.The 
technology was restricted to the deposition of specialty 

coatings and, more recently, to the fabrication of thin-film electronic 
devices. Now, however, it is emerging as a method for the prepa- 
ration of near-final-shape, continuous-filament ceramic composites 
(CFCCs) for advanced structural applications. Conventional tech- 
niques for the fabrication of ceramics such as hot pressing (in which 
a ceramic body is simultaneously subjected to high temperatures and 
pressures) involve fiber-damaging extremes of temperature and 
mechanical stress. For example, the popular Sic-based fiber Nicalon 
suEers degradation at processing temperatures above 1100°C (1, 2) ,  
a temperature well below that for sintering Sic. The high-modulus, 
small-diameter (15-km) Nicalon fibers are also susceptible to me- 
chanical damage from high-pressure consolidation methods. This 
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susceptibility has led to several novel approaches involving impreg- 
nation of fibrous preforms with matrix precursors. By far the 
greatest success has been obtained with vapor sources, leading to a 
class of techniques termed chemical vapor infiltration (CVI). 

CVI originated in efforts to densify porous graphite bodies by 
infiltration with carbon (3). The technique has developed cornmer- 
cially such that half of the carbon-carbon composites currently 
produced are made by CVI (the remainder are fabricated by the 
curing of polymer-impregnated fiber lay-ups). The earliest report of 
the use of CVI for ceramics fabrication was a 1964 patent for 
infiltrating fibrous alumina with chromium carbides (4). During' the 
past two decades, much of the development of CVI techniques has 
taken place at the University of Karlsruhe (S), the University of 
Bordeaux (6) ,  and Oak Ridge National Laboratory (7, 8). 

In CVI, gaseous reactants infiltrate a porous (typically fibrous) 
preform held at an elevated temperature, depositing matrix material 
on the substrate structure via a standard chemical vapor deposition 
(CVD) reaction. This CVD coating grows with continued deposi- 
tion to form the composite matrix. CVD reactions are attractive in 
that they permit the use of a wide variety of ceramic matrix materials 

SCIENCE, VOL. 253 



Fig. 1.  Mirage aircraft thrust deflector fabricated by CVI. 

including silicides, borides, carbides, nitrides, and oxides. Another 
advantage of CVD is that it allows the formation of very high 
melting point materials at relatively low temperatures, sparing the 
fibers from degradation. An excellent example of a high-temperature 
matrix material is TiB,, which has a melting point of 3225°C but 
which can be easily deposited at 900°C via 

CVI also imposes little mechanical stress on the fibers, and proper 
tailoring of the fiber-interface-matk system together with only 
modest differences in thermal expansion coefficients produce a 
CFCC with minimal residual stress. 

The demand for structural ceramics such as the CFCCs has grown 
substantially in the past decade and has led to the rapidly exp&ding 
interest in CVI. CFCCs have been developed in response to 
requirements for lighter, stronger, more corrosion-resistant materi- 
als capable of performing at higher temperatures. The National 
Research Council has cited such advanced materials as crucial to the 
growth, prosperity, and economic well-being of U.S. industry (9). 
The potential uses of ceramics range from heat engines to tool bits 
to aerospace components. Penetration of these markets by tradition- 
al ceramics has been extremely limited, however, because of their 
characteristic brittleness (low toughness) and high sensitivity to 
flaws, which result in expensive component testing and a high 
rejection rate. Attention has thus focused on ceramic composites 
that have demonstrated significantly greater toughness than mono- 
lithics and are relativelv flaw-insensitive (10). 

\ ,  

Ceramics can be toughened by the addition of a variety of second 
phases (for example, whiskers, platelets) that act to blunt cracks and, 
for fibers or whiskers, absorb crack energy through pullout from the 
matrix. CFCCs have continuous ceramic fibers embedded in the 
ceramic matrix. The fibers reinforce the ceramic to create a compos- 
ite that is several times as tough as the unreinforced ceramic. The " 
composite can be fabricated into near-net-shape products if the 
fibers are woven into the shape of the final component before matrix 
infiltration. The great value of CFCCs is the ability to design 
components such that the fibers trace the strain lines. One of the first 
products so designed and produced is a CFCC thrust deflector 
currently used in French Mirage jets (Fig. 1). 

In a CFCC, a high-strength, relatively brittle fiber is used to 
reinforce a brittle matrix. In contrast to polymer or metal matrix 
composites-or even many of the glass matrix composites-the 
modulus of the reinforcement can be lower than that of the matrix, 

and the strain to failure of the fibers is generally higher than that of 
the matrix. CFCCs may not be stiffer or stronger materials than 
monolithics but they are tougher, more impact-resistant, and sub- 
stantially less likely to fail catastrophically. 

Typical stress-strain diagrams (Fig. 2) reveal the functional prop- 
erties of CFCCs, including the linear stress-strain region before 
matrix failure, matrix cracking, and fiber failure (11). The initiation 
and propagation of matrix cracks are hindered by the presence of the 
fibers. Energy is absorbed via mechanisms such as fiber debonding 
and crack deflection that act to improve crack resistance. Upon 
failure of the matrix, the load is transferred to the fibers. Typically, 
the first deviation from linear behavior occurs upon matrix cracking, 
after which the composite is permanently deformed and properties 
are controlled by the fibers and adhesion and frictional stress at the 
fiber-matrix interface. Fiber pullout seen in a fracture surface is 
indicative of the toughening mechanisms (Fig. 2). 

Processes in CVI 
The primary objectives of CVI are to maximize the rate of matrix 

deposition and minimize density gradients. Unfortunately, there is 
an inherent competition between the deposition reaction and the 
mass transport of the gaseous species. Deposition reactions that are 
too rapid usually result in severe density gradients, such that 
essentially complete densification occurs near the external surfaces 
and much lower densities occur in the interior regions. Alternative- 
ly, exceptionally slow deposition reactions require an uneconomi- 
cally long time to densify the part. 

Describing the deposition of matrix material in a porous structure 
is, in principle, a simple matter. The process is accurately represented 
by the well-known partial differential equations that describe mass 
and heat transfer in conjunction with relationships that accurately 
describe the chemical kinetics and the evolution of the microstruc- 
ture during infiltration: Because of the practicalities involved in 
obtaining these specific relationships, the development of fully 
predictive models has been elusive. For an isothermal, isobaric CVI 
(ICVI) system, diffusion and a first-order reaction are described by 

where E is the void fraction, C is the concentration of the rate- 
limiting gas-phase reactant, t is time, D,, is the effective diffusion 

Flkr  fracture 

Slope = elastic modulus 

Strain 4 

Fig. 2. General stress-strain curve for a fiber-reinforced composite with a 
scanning electron micrograph showing typical fiber pullout; d, interfacial 
coating thickness. 

6 SEPTEMBER 1991 ARTICLES 1105 



coefficient of the reactant through the pore structure, k is the 
first-order rate constant, and S, is the surface-to-volume ratio of the 
porosity. The final term is easily modified to describe more complex 
reaction kinetics. Because the porosity changes as infiltration pro- 
ceeds, E, S,, and D,, are not constants. Therefore, the model must 
also contain additional equations that describe these changes. The 
complete set of equations can then be solved for appropriate 
boundary conditions. If mass transport to the outside of the preform 
is important, then the boundary condition for C at the external 
surfaces must include a description of this mechanism. The time 
derivative is usually set to zero, in accordance with the quasi 
steady-state approximation (12). 

In the simplest CVI models it is assumed that the process can be 
treated as a pore diffusion problem with cylindrical pores and a 
first-order deposition reaction (13). This description illustrates how 
the formation of undesirable density gradients occurs during infil- 
tration. It is convenient to compare the relative deposition and 
diffusional rates in this process with a dimensionless number called 
the Thiele modulus, Q, which represents the ratio between the 
chemical kinetic deposition rate and the gas-phase mass-transport 
rate (14). The primary difficulty with applying the Thiele modulus 
to infiltration processes is that its value changes during the process 
because of changes in pore size. It is therefore convenient to 
characterize ICVI with the initial value of the Thiele modulus, @, 
(15). For a first-order deposition reaction in a cylindrical pore, 

where ro and Do are the pore radius and the gas difisivity in the 
initial preform, respectively, and L is the length of the pore (that is, 
the characteristic thickness of the preform). 

The two limiting cases during ICVI are illustrated in Fig. 3. 
Under reaction rate-controlling conditions (Qo2 < < l ) ,  gas trans- 
port is rapid and the initial reactant concentration Co is essentially 
uniform throughout the pore volume. As a result, uniform deposi- 
tion takes place down the length of the pore, causing no gradient in 
composite density. For diffusion rate-controlling conditions (Qo2 

Filament bundle 

c. 

- 
Reactant concentration, C 

Pore 

Flg. 3. Reactant and product gas concentrations as a hnction of axial 
position down a cylindrical pore: (-) concentration under diffusion rate- 
limiting conditions; (------) concentration under chemical kinetic rate- 
limiting conditions. 

Fig. 4. Polarized light optical photos of polished specimens of Nicalon-Sic 
composites illustrating pore filling at different stages of the CVI process. 

> > l ) ,  however, the deposition reaction causes a rapidly decreasing 
concentration of reactants down the pore length, with a proportion- 
al decrease in the formation of matrix material and a significant 
composite density gradient. Mixed control occurs when the two 
rates are comparable (QO2 - 1). 

Describing CVI with cyhndrical pores does not accurately reflect the 
often complex microsmctures that are present in real preforms. The 
most common reinforcements in composites formed by CVI are fibers 
with a relatively small diameter (-10 ~ m ) .  Bundles of these fibers are 
woven into cloth layers, which are then stacked to form a preform. In 
some cases, three-dimensional weaves are also used. All of these preforms 
have multirnodal porosity distributions that range from micrometer scale 
within fiber bundles to hundreds of micrometers between bundles and 
cloth layers. The typically anisotropic porosity and fiber architecture 
govern the gas permeability and the thermal properties. As densitication 
proceeds, the dimensions and distribution of the porosity change 
nonunifody with attendant changes in the prefbrm~sphysi& prop&-- 
ties. For CVI to be successll, the reactant gases must initially reach the 
finest porosity (that is, the interfilament volume), react, and fill those 
pores.When this volume is relatively well infiltrated, the larger interbun- 
dle and interply porosity should then be filled. The series of photos in 
Fig. 4 illustrates this progression during the infiltration of Nicalon fibers 
with Sic manix. 

Several CVI models have used descriptions of the porosity that 
are based on the nearly cylindrical shape of the fibers actually used 
for CVI (15-18). Recent efforts to describe the evolving porosity in 
fibrous preforms are based on Avrami's (19) model for phase 
transformations (15, 20). Percolation theory has been used to 
develop models for reacting porous solids that undergo pore 
closure, more accurately describing the inevitable formation of 
trapped porosity (21-23). These approaches describe mass transport 
with percolation in a Bethe lattice (24) and can easily be modified to 
describe CVI (15). The primary shortcoming of all of these contin- 
uum- and percolation-based models is that they fail to describe the 
multimodal nature of the porosity in real preforms. However, 
modeling efforts currently under &ay are be&nning to use multi- 
modal descriptions of the porosity (25, 26). 

Although work is continuing at several laboratories to develop 
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more extensive CVI models, most of these models have not been 
successfully applied to experimental results. Thermogravimetric 
experiments of the reaction-controlled infiltration of fiber bundles 
with carbon agree generally with the model of Currier and his 
co-workers (27). Sheldon and Besmann (15) compared S ic  infil- 
tration in individual fiber bundles to modeling results that were 
based on a first-order reaction. The experimental results showed 
much poorer infiltration than model predictions that were ob- 
tained with a wide varietv of descriptions of diffusion. This 
unfavorable comparison implies that complicated reaction kinetics 
during Sic  deposition from methyltrichlorosilane (MTS) lead to 

infiltration than a simple first-order reaction. It is theoret- 
ically possible that other complex reactions can lead to improved 
infiltration; calculations based on a sequence of two first-order 
reactions have been used to demonstrate this possibility (28, 29). 

Several CVI modelmg efforts have desaibed nonisothermal processes 
(1 6, 17,30). In these systems, additional complexities are associated with 
heat uansfier and forced convection as infiltration proceeds and the 
structure of the material changes. For models such as these to accurately 
desaibe infiltration behavior, accurate descriptions of the complexities 
associated with these transport processes will have to be combined with 
the complex microstructure evolution and chemical kinetics that have 
already been discussed in connection with ICVI. 

Regardless of these complexities and the current inability to 
fully describe them, understanding the general relationships be- 
tween the relevant kinetic processes has led to the practical 
solution of many CVI problems. Temperature control is critical 
because chemical reactions exhibit Arrhenius behavior such that 
the rates increase exponentially with temperature. Therefore, 
relatively low temperatures slow the deposition rate substantially 
more than diffusion does, thus reducing cP (5). Simple depletion of 
the reactant gas within the CVI reactor or poisoning of the 
deposition process by reaction by-products (for example, HCI in 
the CVI of S ic  from MTS) also reduces the deposition rate (31). 
In thermal gradient processes, controlling the temperature differ- 
ence prevents the entrance surfaces of the gas from becoming 
sealed until after the interior of the component has reached an 
acceptable density (7). 

CVI Techniques 
There are five general classes of CVI techniques (Fig. 5): type I, 

isothermal; type 11, thermal gradient; type 111, isothermal-forced 
flow; type IV, thermal gradient-forced flow; and type V, pulsed 
flow. The most widely used commercial process is type I, ICVI (5, 
6, 32). ICVI depends on only diffusion for species transport and 
generally operates at reduced pressure (1  to 10 kPa) for deposition 
rate control. Fixturing (mechanical restraint) of the fibrous pre- 
forms is needed before initial densification to maintain the proper 
shape. Density gradients are minimized by a low reaction temper- 
ature although, to obtain economical densification rates, deposi- 
tion is often sufficiently rapid to overcoat the outer surface before 
infiltration is complete. Interruption of the CVI process for 
periodic machining is thus necessary for all but the thinnest parts 
to open diffusion paths from the surface. Regardless, this diffu- 
sion-dependent process is still slow, requiring several weeks for 
infiltration. It is commercially attractive, however, because large 
numbers of parts of varying dimensions are easily accommodated 
in a single reactor. 

The thermal gradient and isothermal-forced flow processes (types 
I1 and 111) appear to be little used but may have advantages under 
certain circumstances. The thermal gradient process is relatively slow 
because it also depends on diffusion; however, sealing of the 

*+Hot- 7 Hot 

Hot Hot 
. . .  

Fig. 5. The five general classes of CVI techniques. Type 1, isothermal: 
reagents surround preform and transport to the interior via difkion (ICVI). 
Type 2, thermal gradient: reagents contact cold surface of preform and also 
transport by difkion. Type 111, isothermal-forced flow: reagents flow 
through preform. Type IV, thermal gradient-forced flow: reagents flow 
through preform from cold to hot surface (FCVI). Type V, pulsed flow: 
reagents flow into and out of preform because of cyclical evacuation and 
backfilling. [Adapted from (41) with permission of the Electrochemical 
Society, copyright 19901 

entrance surface is prevented by maintaining the surface at low 
temperature. As densification approaches completion, the tempera- 
ture of the cooler surface rises as a result of the greater conductivity 
of the denser region, causing infiltration of the entire volume. The 
potentially more rapid isothermal-forced flow processes, which uses 
forced convection, suffers from density gradients and loss of perme- 
ability at the entrance surface, as is seen also in the isothermal 
process. The forced-flow-thermal gradient technique (FCVI) (type 
IV) developed at Oak Ridge National Laboratory overcomes the 
problems of slow diffusion and restricted permeability and is capable 
of producing thick-walled, simple-shaped components in times on 
the order of hours (7, 8). All of these techniques require individual 
fixturing of each part to maintain the required shape and pressure or 
thermal gradients. 

Pulsed-flow CVI (type V) utilizes alternate introduction of 
reactant gases and evacuation of the CVI reactor to rapidly transport 
reactant species into, and product gases out of, the preform (33-35). 
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Fig. 6. Effect of the thickness of the pyrolytic carbon interlayer on the 
mechanical properties of the composite. The greater toughness seen in the 
load-displacement cunres corresponds to increased fiber pullout seen in the 
scanning electron micrographs of the respective fracture surfaces. 
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The technique has not been widely investigated, although some Fibrous Preforms 
modeling chculations indicate that it can significantly improve 
infiltration rates over those experienced in ICVI (35) .  

The ICVI and FCVI processes currently attract the most com- 
mercial interest. Advantage may be gained by using different 
conditions to infiltrate the coarser porosity in a preform, after the 
finer porosity is filled, to deposit significant amounts of material in 
these larger volumes within reasonable time. In ICVI, the condi- 
tions (temperature or gas concentration) can be explicitly changed, 
and, as a result, the process occurs in several steps. For large reactors, 
the initial infiltration is likely achieved by placing the preform in the 
region of the furnace that is at a lower temperature or where it will 
contact only significantly depleted reactant gases (downstream re- 
gions). As the h e r  porosity becomes filled, the parts may be moved 
to regions of higher temperature or lower gas depletion to more 
rapidly fill the coarser porosity. During these interruptions of the 
process, surface grinding can be performed to reopen channels for 
diffusion. It is not possible, however, to produce fully dense 
material; in cloth lay-up preforms, for example, the lower limit of 
the void fraction is -10%. 

The FCVI process is self-optimizing, which has allowed for 
much shorter infiltration times and less difficulty in obtaining 
uniform infiltration. The furnace is configured to apply a thermal 
gradient across the preform, in part by actively cooling the 
entrance surface of the reactant gas. As expected, the preform is 
infiltrated most rapidly near the hot surface with a diffise densi- 
fication front moving from the hot surface toward the cooled 
entrance surface. ~nfiltration of the finer porosity must, again, 
occur during the initial infiltration period under conditions where 
@ << 1 for the micrometer-scale radii. For the volume near the 
cooled surface @ is minimized by the low temperature, whereas 
nearer the hot surface it is forced to small values by depletion of 
reactants. 

As the finer porosity is filled and the density of the paq increases, 
its thermal conductivity increases and the thermal gradient decreas- 
es. The temperatures across the part are generally higher, increasing 
@ and allowing coarser porosity to be efficiently filled with matrix. 
Thus, in a self-controlled manner, the various scales of porosity are 
progressively filled. Infiltration is typically assumed to be cbmplete 
when permeability is diminished such that the pressure drop across 
the part becomes prohibitive (70 to 140 kPa). Intermediate surface 
grinding is not necessary in this process, although it often is in 
ICVI, and the process can continue uninterrupted to final density. 
Some finishing may be necessary, however, to remove pieces of 
hturing or to smooth surfaces. 

Fibers. The properties of the fibers in CFCCs are fundamental to 
the properties of the composites. Like the matrix, the fibers have 
high strength with a high elastic modulus. Although an advantage of 
CVI processing is prevention of damage to ceramic fibers, they must 
still be able to withstand the CVI environment. This generally 
entails elevated temperatures of the order of 1000°C and corrosive 
matrix precursors. 

Several oxide, carbide, and nitride fibers that offer a variety of 
properties to the material designer (Table 1)  have become available 
in recent years (36). However, almost all have been restricted to 
developmental activities. Silicon carbide fibers are attractive for use 
in high-temperature, oxidative environments and are being estab- 
lished in commercial products. A chemical vapor-deposited, large- 
diameter (-150-pm) S ic  fiber has been used in CVI, but such a 
large fiber is difficult to form into other than very simple shapes. The 
most commonly used S ic  fiber is Nicalon, a polymer-derived 
microcrystalline/amorphous material containing significant amounts 
of silica. A newer and possibly higher strength fiber (Tyranno) has 
also become available. Oxide fibers have seen somewhat more 
limited application, with a series of amorphous' alurninosilicate fibers 
and polycrystalline alumina-based fibers, which are noted for their 
high purity, being investigated. 

In general, the polymer-derived, amorphous fibers, although they 
have the advantage of lower cost and easier handling, typically lose 
strength at elevated temperatures and in CVI environments (1, 2). 
The crystalline fibers, unfortunately, are typically costly and have 
lower room-temperature strengths. 

Preforms. Preform geometries can be tailored to the application to 
maximize strength and toughness in the direction of maximum 
stresses. The general types of preforms include felts, which are 
continuous fiber lengths that are randomly oriented and maintained 
in shape by entanglement. A common preform is made by stacking 
layers of tape (for unidirectional reinforcement) or cloth plies (for 
reinforcement within the plane of the cloth). The most sophisticated 
preforms are three-dimensional weaves or braids, which can offer 
multidimensional reinforcement bordering on isotropy. 

Matrix Materials 
A large variety of matrix materials have been used to produce 

CFCCs by CVI: Sic, B4C, Tic,  HfC, Si,N4 (amorphous), AN, 
TiB,, AI,O,, and ZrO,. This list could be easily extended to include 

Table 1. Properties of some commercially available fibers. Information was obtained, in part, from (36). 

Manufacturer 
Tensile Tensile 
strength modulus Density Diameter Designation Composition (% by weight) 
(MPa) (GPa) (picm3) 

Avco 
Avco 
Dow Corning-Celanese 
Dow Corning-Celanese 
Dow Corning-Celanese 
DuPont 
DuPont 
Nippon Carbon 
Sumitorno 
3M 
3M 
3M 
Ube 

SCS-6 

MPDZ 
HPZ 
MPS 
FP 
PRD-166 
Nicalon 

Nextel 3 12 
Nextel 440 
Nextel 480 
Tyranno 

Sic on carbon core 
Si, C 
47 Si, 30 C, 15 N, 8 0 
59 Si, 10 C, 28 N, 3 0 
60 Si, 30 C, 1 0 
>99 a-A,O, 
AI,03, 15-25 ZrO, 
59 Si, 31 C, 10 0 
85 AI,03, 15 SiO, 
62 AI,03, 14 B,03, 24 SiO, 
70 A1,03, 28 SiO,, 2 B203 
70 AI,03, 28 SiO,, 2 B203 
Si, Ti, C, 0 
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many other ceramics that can be deposited via a CVD reaction, 
including even complex systems such as the new, high-temperature 
superconductors. Integrated circuit substrates with directionally 
controlled thermal conductivities could be produced with fibers and 
matrix properly oriented. It is not required that the matrix be single 
phase, because composite coatings by CVD have been demonstrated 
and, thus, multiple-phase matrices are theoretically possible. With 
such composite matrices, the CFCC toughness may be further 
enhanced. Currently, however, the only commercial materials avail- 
able are those with a Sic matrix. 

Fiber-Matrix Interface 
Interfacial shear stresses play a key role in determining the 

mechanical properties of a fiber-reinforced ceramic composite. In 
single-phase materials, the energy absorbed during fracture is deter- 
mined by the applied forces and the strain and surface energies of 
that material. Composites, however, involve the additional phenom- 
ena of strain energy of the fibers and the work done in debonding 
the fibers from the matrix. These additional factors will increase the 
stress at which the matrix in a composite will begin to crack. 

Experience has shown that Nicalon and most other fibers require 
precoating before in6ltration to avoid strong interfacial bonding, 
low flexure strength, and brittle fracture (Fig. 6 ) .  Composites with 
uncoated fibers exhibit fracture surfaces that are flat and smooth 
with no evidence of fiber pullout and result in little toughening. To 
control the mechanical properties of Nicalon-Sic composites, a thin 
pyrolytic carbon layer is deposited on fibrous preforms before 
densification to provide a controlled and uniform interface with the 
matrix. The carbon deposition conditions are chosen to produce a 
graphitic coating with a laminar structure that lies parallel to the 
fibers (37, 38). The coating prevents chemical damage of the fibers 
during processing and prevents weakening of the fiber-matrix 
interface, enhancing fiber debonding and slip (39, 40). Thus, the 
coating results in an increase in the toughness and the ultimate 
strength of the composite materials. Recent work on alternative, 
more oxidation-resistant coatings have indicated that hexagonal BN 
may usefully replace cafbon. 

Conclusions 
CVI can be an &dent process for producing CFCCs with extremely 

attractive properties. Their refractory character coupled with the direc- 
tionally controlled strength and toughening result in a new class of 
materials available for unique applications. In the near term, these 
CFCCs will likely be used in high-value applications because of their 
current high cost and limited availability. Larger markets are expected to 
open as the processing technology matures, lowering the price and 
providing greater variety of geometries, fibers, and matrices. 

Much work remains to be done on the efficient fabrication of CFCCs 
by CVI. The level of effort in modeling the complex processes has grown 
severalfold over only the last 3 years, and potentially useful models are 
now appearing. These models need to be confirmed or modified with 
experimental corroboration. For the models to be aefid, they must 
follow densi6cation in real time; thus, sensor systems for large-scale CVI 
reactors will need to be implemented. 

Finally, the opportunity CVI provides to produce multicomponent 
materials is far fiom fdly explored. Systems can be developed with 

multiple-fiber types providing directionally different properties (for 
example, high thermal conductivity in only one plane for thermal 
protection and efficient heat removal). Multiple-phase matrices can 
W e r  increase toughness and may also improve properties such as 
oxidation behavior. The CVI processes have progressed to an emerging 
technology, the limits of which are yet to be fdly understood. 
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