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(57) ABSTRACT 

A?ber-reinforced ceramic matrix composite material exhib 
iting increased matrix cracking strength and fracture tough 
ness is produced by sequentially depositing a plurality of 
5-500 nanometer-thick layers of a primary ceramic matrix 
material phase periodically separated by 1-100 nanometer 
thick intermediate layers of a secondary matrix material 
phase onto the reinforcing ?bers upon their consolidation. 
The resultant nanolayered matrix enhances the resistance to 
the onset of matrix cracking, thus increasing the useful 
design strength of the ceramic matrix composite material. 
The nanolayered microstructure of the matrix constituent 
also provides a unique resistance to matrix crack propaga 
tion. Through extensive inter-layer matrix fracture, debond 
ing and slip, internal matrix microcracks are effectively 
diverted and/or blunted prior to their approach toWards the 
reinforcing ?ber, thus increasing the apparent toughness of 
the matrix constituent. This unique toughening mechanism 
serves to dampen energetic co-planar macrocrack propaga 
tion typically observed in conventionally manufactured 
ceramic matrix composites Wherein matrix cracks are usu 
ally de?ected at the ?ber/matrix interphase region. 
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FIBER-REINFORCED CERAMIC COMPOSITE 
MATERIAL COMPRISING A MATRIX WITH A 

NANOLAYERED MICROSTRUCTURE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of appli 
cation Ser. No. 09/764,809 ?led Jan. 16, 2001. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a ceramic matrix 
composite material composed of a refractory ?ber reinforce 
ment, a ?ber coating or ?ber coating system, and a nano 
layered ceramic matrix having increased matrix cracking 
strength and methods of producing same. 

BACKGROUND OF THE INVENTION 

[0003] Fiber-reinforced ceramic matrix composite mate 
rials are actively being developed for a variety of high 
temperature military, aerospace and industrial applications. 
While possessing high speci?c strength and toughness, the 
utility of current ceramic matrix composites are severely 
limited by their susceptibility to oxidation embrittlement 
and strength degradation When stressed at or beyond their 
matrix cracking strength and exposed to high-temperature 
oxidation. Thus, for the current state of technology, the 
linear-elastic region represents the “useful” design stress 
strain region due to the negative effects caused by environ 
mental degradation of the ?ber coating and/or reinforcing 
?ber at elevated temperatures folloWing the onset of matrix 
cracking. 
[0004] Ceramic materials have long been considered 
potentially bene?cial for hot structural component applica 
tions in advanced gas turbine and rocket engines, and future 
high-speed aircraft and atmospheric re-entry vehicles. In 
general, ceramics have superior high-temperature strength 
and modulus While having a loWer density than metallic 
materials. The principal disadvantages of ceramics as struc 
tural materials are their loW failure strain, loW fracture 
toughness and catastrophic brittle failure characteristics. 
Because of these inherent limitations, monolithic ceramics 
lack the properties of reliability and durability that are 
necessary for structural design acceptance. The emerging 
technology of ?ber-reinforced ceramics, or ceramic matrix 
composites is one promising solution for overcoming the 
reliability and durability problems associated With mono 
lithic ceramics. By incorporating high-strength, relatively 
high-modulus ?bers into brittle ceramic matrices, combined 
high strength and high toughness composites can be 
obtained. Successfully produced ceramic matrix composites 
exhibit a high degree of non-linear stress-strain behavior 
With ultimate strengths, failure strains and fracture tough 
ness that are substantially greater than that of the otherWise 
brittle ceramic matrix. 

[0005] In order to exploit the bene?ts of ?ber reinforce 
ment in brittle ceramic matrices, it is Well recogniZed that 
relatively Weak ?ber/matrix interfacial bond strength is 
essential for preventing catastrophic failure from propagat 
ing matrix cracks. The interface must provide suf?cient 
?ber/matrix bonding for effective load transfer, but must be 
Weak enough to debond and slip in the Wake of matrix 
cracking, leaving the ?bers to bridge the cracks and support 
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the far-?eld applied load. Fiber-reinforced ceramic matrix 
composites With very high ?ber/matrix interfacial bond 
strengths (usually the result of chemical interaction during 
manufacture) exhibit brittle failure characteristics similar to 
that of unreinforced monolithic ceramics by alloWing matrix 
cracks to freely propagate directly through the reinforcing 
?bers. By reducing the interfacial bond strength, the ?ber 
and matrix are able to debond and slip, thereby promoting 
the arrest and/or diversion of propagating matrix cracks at/or 
around the reinforcing ?ber. Since crack inhibition/fracture 
toughness enhancement is the primary advantage of ?ber 
reinforced ceramic matrix composites, properly engineered 
?ber coating systems are thus essential for improving the 
structural performance of these materials. Control of inter 
facial bonding betWeen the ?ber and matrix folloWing 
manufacture and during service is typically provided by the 
use of applied ?ber coatings. 

[0006] Fiber-reinforced ceramic matrix composites pro 
duced by the chemical vapor in?ltration (CVI) process are a 
particularly promising class of engineered high-temperature 
structural materials, Which are noW commercially available. 
The principal advantage of the CVI process approach for 
fabricating ceramic composites as compared to other manu 
facturing methods (e.g., reaction bonding, hot-pressing, melt 
in?ltration, or polymer impregnation/pyrolysis) is the ability 
to in?ltrate and densify geometrically complex, multidirec 
tional ?ber preforms to near-net-shape With a ceramic matrix 
of high purity and controllable stoichiometry Without chemi 
cally, thermally or mechanically damaging the relatively 
fragile reinforcing ?bers. In addition, because it is a rela 
tively loW temperature manufacturing process, high purity 
refractory matrix materials can be formed (deposited) at a 
small fraction of their melting temperature (~Tm/4). Despite 
the many possible high-temperature ceramic matrix com 
posite systems, hoWever, the number of practical systems is 
limited by the currently available reinforcing ?bers. To date, 
the majority of high performance ceramic matrix composites 
produced have primarily been fabricated using carbon and 
polymer-derived SiC (Nicalon and Hi-Nicalon) ?ber rein 
forcement and CVI-derived SiC matrices. 

[0007] Carbon ?bers offer the highest temperature capa 
bility of all current commercially available refractory ?bers. 
Carbon ?ber-reinforced SiC ceramics (C/SiC), hoWever, are 
susceptible to severe strength degradation When exposed to 
high-temperature oxidiZing environments for prolonged 
periods. This limitation is due to the extensive process 
induced matrix microcracking resulting from the relatively 
large thermal expansion mismatch betWeen the carbon ?ber 
reinforcement and the surrounding SiC matrix. The resultant 
matrix cracks provide access to environmental intrusion, 
particularly oxidation, Which accelerates the degradation of 
the compliant ?ber coating (e.g., pyrolytic carbon and boron 
nitride) and the reinforcing ?ber. Commercially available 
small diameter (~15 pm) ceramic ?bers such as Nicalon and 
Hi-Nicalon microcrystalline SiC, although having limited 
elevated temperature capability (<1200° C. and <1400° C., 
respectively) as compared to carbon ?ber, exhibit excellent 
thermomechanical compatibility With SiC matrices. These 
?bers thus produce composites Which are not initially micro 
cracked. Although these ceramic ?bers are more oxidation 
resistant than carbon ?bers, the resultant composites also 
experience irreversible oxidation embrittlement and strength 
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degradation When stressed at or beyond their matrix crack 
ing strength and subsequently exposed to high-temperature 
oxidation. 

[0008] Unlike the near-linear tensile stress-strain behavior 
of the microcracked C/SiC material system, SiC ?ber 
reinforced SiC matrix composites (SiC/SiC) exhibit highly 
nonlinear stress-strain characteristics; controlled by the loW 
matrix failure strain relative to the reinforcing ?ber. As the 
composite is loaded in tension, it deforms linear-elastically 
up to the onset of matrix cracking. The tension threshold at 
Which the onset of matrix cracking occurs designates the 
“proportional limit” of the material. That is, When the 
applied tensile strain reaches the failure strain of the unre 
inforced matrix, ideally assuming negligible residual ther 
moelastic effects, transverse matrix cracks initiate and 
propagate rapidly across the composite, leaving the ?bers to 
bridge the cracks While supporting the far-?eld applied load. 
Continued loading beyond the onset of matrix cracking 
results in the formation of many regularly spaced matrix 
cracks (i.e., multiple matrix cracking) typically accompa 
nied by a nonlinear decrease in composite stiffness. This 
strain-induced compliance behavior is the result of the 
diminishing contribution of the matrix modulus With 
increased multiple matrix cracking and ?ber/matrix debond 
ing. The diminishing stiffness behavior becomes more sig 
ni?cant With increasing applied strain to the point Where the 
elastic modulus of the composite is primarily dominated by 
the reinforcing ?bers. As the composite strain approaches 
the ?ber failure strain, the ?bers progressively fracture, 
designating the ultimate strength of the composite. For most 
practical structural applications, hoWever, the linear-elastic 
region represents the “useful” design stress-strain region due 
to the negative effects of hysteresis and environmental 
degradation of the ?ber coating and/or ?ber reinforcement at 
elevated temperatures occurring after matrix microcracking. 
Matrix microcracking is therefore a fundamental life-limit 
ing issue for ceramic matrix composites being considered 
for use in extended-life thermostructural applications. 

[0009] From an engineering mechanics standpoint, the 
high elastic modulus of the CVI-derived SiC matrix relative 
to the reinforcing ?ber is a disadvantage for load transfer. 
For a Nicalon SiC ?ber-reinforced/CVI SiC matrix compos 
ite With a 40 volume-percent ?ber loading, nominally 70% 
of the applied load is carried by the matrix prior to the onset 
of matrix cracking. For an equal volumetric loading of 
higher modulus Hi-Nicalon SiC ?ber, about 60% of the 
applied load is initially carried by the matrix. The relatively 
high matrix stiffness is thus a disadvantage from the stand 
point of matrix microcracking. The tensile strain at Which 
the onset of matrix cracking occurs in both Nicalon and 
Hi-Nicalon reinforced SiC matrix composites is typically 
~0.04%, and rarely exceeds 0.05%, as this is an intrinsic 
property of the CVI-derived brittle matrix. The correspond 
ing tensile matrix cracking strengths typically range betWeen 
60 and 80 MPa, respectively. In turn, the useful design 
strengths for both Nicalon and Hi-Nicalon SiC ?ber-rein 
forced/CVI SiC composites are only about 30% of their 
respective ?ber-dominated ultimate strengths. Thus, the 
early onset of matrix microcracking and subsequent oxida 
tion embrittlement and strength degradation is a primary 
performance limitation of current state-of-the-art materials. 
Fundamentally, it Would be desirable for a ?ber-reinforced 
ceramic composite material to have a useful design strength 
signi?cantly greater than 30% of its ultimate strength. 
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[0010] Although the oxidation embrittlement problem in 
?ber-reinforced ceramic matrix composite materials may 
eventually be controlled via advanced ?ber coating and/or 
matrix oxidation inhibition approaches, it Will nevertheless 
still be desirable to increase the elastic limit of the composite 
to reduce potential fatigue, hysteresis and other complex 
nonlinear material behavioral effects. Once the composite 
elastic limit is exceeded, the structural designer is faced With 
using a nonlinear and potentially time-dependent microc 
racked material system. One, hoWever, nontrivial approach 
toWards increasing the matrix cracking strength in ceramic 
matrix composites is by increasing the mechanical proper 
ties (e.g., strength and fracture toughness) of the matrix 
constituent. This approach has been successfully demon 
strated by the current inventor via microstructural engineer 
ing of the SiC matrix into a strong/tough nanolayered 
composite constituent. 

[0011] A nanolayered composite comprises a composi 
tionally modulated microlaminate consisting of periodically 
alternating layers (lamellae) of tWo or more material con 
stituents. The thickness of each layer range from about one 
molecular monolayer (~1 nm) to a thickness approaching the 
upper limit of very ?ne grain re?nement achievable from 
current state-of-the-art materials processing techniques 
(>150 nm). These materials can be engineered to exhibit 
remarkable mechanical, tribological, thermal, and/or elec 
trical properties that are uniquely different from those of the 
individual constituents. In particular, strength can be 
enhanced over currently available courser grained materials 
by an order of magnitude or more. Also of importance is that 
a conceivably Wide range of refractory metal and ceramic 
materials can be engineered into such nanostructural com 
posites suitable for extreme environmental structural appli 
cations. 

[0012] Early efforts (over tWo decades ago) by researchers 
at the Chemetal/San Fernando Laboratories (SFL) led to the 
discovery of a unique form of chemical vapor deposited SiC. 
While attempting to deposit “massive” bodies of SiC, unan 
ticipated thermochemical process instabilities (i.e., chug 
ging) Within the “cold-Wall” chemical vapor deposition 
(CVD) reactor resulted in producing a material With an 
unusual layered microstructure. This material Was found to 
be composed of alternating lamellae of SiC and elemental 
silicon (Si), ranging in thickness from 10 to 20 nm and 1 to 
2 nm, respectively. Reported properties for this SiC/Si 
material included ?exural strengths, elastic moduli, fracture 
toughness, and hardness Which exceeded 4000 MPa, 450 
GPa, 6-12 MPax/m, and 45 GPa, respectively. Numerous 
subsequent evaluations by government laboratory scientists 
Dutta, Graham, Rice, and Mendiratta con?rmed these aston 
ishing results. Dutta, S., R. Rice, H. Graham, and M. 
Mendiratta, Characterization and Properties of Controlled 
Nucleation T hermochemical Deposited (CNTD) Silicon 
Carbide, NASA TECH. MEMO. 79277, presented at the 
80th Annual Meeting of the American Ceramic Society. This 
Work resulted in the issuance of a number of domestic and 
foreign patents for Which the process Was coined “Con 
trolled Nucleation Thermochemical Deposition”, or CNTD. 

[0013] Despite the extraordinary mechanical and physical 
properties of this termed “ultra-structured” material, hoW 
ever, commercialiZation Was hindered by problems of repro 
ducibility. In short, processing dif?culties associated With 
the inability to control the naturally occurring chemical 
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instability Within the cold-Wall reactor during deposition 
prevented this product from becoming commercially suc 
cessful. Speci?cally, the uncontrollable, and not Well-under 
stood “cyclic” instability phenomenon Was not easily scaled 
to larger or hot-Wall reactors, resulting in loW yield, poor 
reproducibility and poor process economics. Accordingly, it 
Would be desirable to be able to arti?cially reproduce the 
bene?cial effects of this CNTD process such that it could be 
effectively used in hot-Wall CVD reactors (Which can 
accommodate large batch quantities of dissimilar parts) by 
relatively simple and controllable mechanical means. 

[0014] It is also knoWn that layered ?ber coatings can be 
applied to ?brous preforms in such a Way to increase the 
oxidation resistance of the resultant ceramic matrix com 
posite, While preserving desirable strength and toughness. 
Particularly, by controlling the How of the chemical precur 
sors (i.e., chemically reactant precursor gases or gasi?ed 
liquids) during application of a ceramic coating onto a 
preform of refractory ?bers, Wherein tWo or more indepen 
dent chemical precursors are periodically turned on and off 
at prescribed intervals, it has been shoWn that the resultant 
microlayered coating produced creates an inherently oxida 
tion-resistant ?ber coating material. FIG. 1 shoWs a back 
scattered electron image (BEI) of an advanced “multilayered 
SiC ?ber coating” developed by the current inventor and 
applied using the technique of cyclic “throttling” of the 
chemical precursors during the deposition of the ?ber coat 
ing. Details of this multilayered ?ber coating and processing 
method is more fully described in US. Pat. Nos. 5,455,106 
and 5,545,435, the disclosures of Which are incorporated 
herein by reference. The microlayered ?ber coating system 
(deposited on a ~15 pm Hi-Nicalon SiC ?ber) shoWn in 
FIG. 1 Was engineered to mitigate the inherent problems of 
oxidation resistance plaguing currently available PyC and 
EN ?ber coatings for structural ceramic matrix composites. 
This Was achieved by successfully tailoring the desired 
mechanical characteristics (e.g., interfacial shear strength 
and compliance) of the multilayered SiC coating system via 
microstructural engineering necessary to enhanced strength 
and toughness of the resultant composite. 

[0015] These patent disclosures, hoWever, did not address 
the problem of increasing the strength and/or toughness of 
the matrix constituent itself and Were directed instead to the 
product and method of depositing the oxidation-resistant 
multilayered ceramic ?ber coating material. These patent 
disclosures describe depositing microlayers having a pri 
mary layer thickness of betWeen 500 and 5000 nanometers, 
Which is considered too thick to increase the inherent 
strength of the material produced as Will be described later. 
Accordingly, it Would be desirable to increase the strength 
and toughness of the ceramic matrix constituent in order to 
enhance the matrix cracking resistance in the resulting 
composite. 

[0016] To better understand the unique behavior of CVI/ 
CVD nanostructures, it is useful to brie?y describe the 
morphology of these engineered materials. Nanolayered 
composites are produced by depositing a layer of the pri 
mary, or major constituent species With a thickness of on the 
order of a feW tens of nanometers (10-100 nm), folloWed by 
a layer of minor species With a thickness of about an order 
of magnitude less (1-10 nm). Deposition durations for each 
layer are very short, ranging from a feW seconds to a feW 
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tenths of a second. The exact deposition durations are 
dependent on the deposition rates of the respective major 
and minor species derived from a given process. The process 
is then cyclically repeated until the desired thickness of the 
body is achieved. Although there may appear to be great 
?exibility in the selection of the secondary nanolayering 
constituent(s), they must be carefully selected based on their 
(1) knoWn ability to effectively interrupt the deposition 
epitaxy of the major constituent, thereby increasing strength 
and thermal shock resistance by controlling grain re?ne 
ment; and (2) propensity to provide bene?cial elastic modu 
lus mismatch, thereby further increasing fracture toughness 
by limiting dislocation motion. 

[0017] In conventional CVI/CVD-deposited materials, 
high-purity crystallites nucleate on the heated substrate 
surface (e.g., part to be coated or ?bers) and then groW 
epitaxially in a direction perpendicular (i.e., normal) to the 
heated substrate; most often through the entire thickness of 
the deposit. The crystallites thus coarsen and Weaken With 
increasing thickness during the groWth process. In the cur 
rent invention (e.g., CVI/CVD nanolayering process), the 
major disadvantages of conventional CVI/CVD are elimi 
nated. The ?rst crystallites nucleate and start to groW, 
competing for a preferred minimum energy orientation. 
Before they ever have a chance to become oriented, the 
groWth is interrupted by the deposition of the second mate 
rial. This secondary layer is deposited so thinly that its 
crystallites do not have a chance to groW, and thus do not 
achieve any preferred orientation. When the cycle is 
repeated, the crystallites of the primary material must re 
nucleate and the process of nucleation/interruption is 
repeated; thus, the grains in the deposited material never 
have a chance to coarsen. When engineered successfully, 
this process has been shoWn to result in producing materials 
With signi?cantly increased strength and hardness; beyond 
that predicted by the teachings of Hall-Petch. Crystals of 
about 5 pm are considered ?ne by most materials scientists 
and engineers; and those of 1 pm, extremely ?ne. Virtually 
no structural components have ever been produced by 
conventional methods With grains less than 0.4 pm (400 nm) 
in siZe. The CVI/CVD nanolayering process developed in 
the current invention provides the ability to produce highly 
uniform microstructures With grain siZes of betWeen 1 and 
100 nm. Although engineering properties are improved by 
grain re?nement in general, it is not until the crystallites are 
maintained to less than ~150 nm that dramatic improve 
ments to near-theoretical strengths are observed. 

[0018] FIG. 2 shoWs a microstructural example of a 
nanolayered CVD SiC material developed by the current 
inventor. A tensile strength enhancement of nearly one (1) 
order of magnitude (~8><) over conventional CVD SiC has 
been experimentally demonstrated. 

SUMMARY OF THE INVENTION 

[0019] The present invention comprises a novel material 
and manufacturing process for fabricating the same. The 
materials and process described herein results in producing 
a ?ber-reinforced ceramic matrix composite material With 
increased resistance to matrix cracking. According to the 
invention, a matrix constituent With a nanolayered micro 
structure exhibiting increased strength and toughness is 
produced by sequentially depositing a plurality of thin layers 
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of a primary ceramic matrix phase, interposed by a plurality 
of very thin intermediate layers of a secondary matrix phase 
onto the reinforcing ?bers upon their consolidation. 

[0020] Fiber-reinforcement is de?ned as any refractory 
?bers, continuous or discontinuous, used for producing a 
?brous preform texture, Which are capable of Withstanding 
a use temperature of at least 800° C. in an atmosphere Which 
is thermochemically compatible With that ?ber Without 
suffering fundamental chemical, physical or mechanical 
degradation. Examples include carbon ?bers, silicon carbide 
?bers, silicon nitride ?bers, aluminum oxide ?bers, etc. 

[0021] A ?ber preform is a ?brous texture de?ned as any 
assemblage of one or more reinforcing ?ber types produced 
by Weaving, braiding, ?lament Winding, ?ber placement, 
felting, needling, or other textile fabrication process. 

[0022] Fiber preforming is a textile fabrication process by 
Which the collimated multi?lamentary ?ber bundles (i.e., 
toWs) are placed and maintained in position for purposes of 
controlling both their orientation and content Within a given 
volumetric space. As such, We Will refer to this spatial 
arrangement of ?bers as a preform architecture. 

[0023] Fiber coating is de?ned as any refractory compo 
sition of either carbon, metal carbide, metal nitride, metal 
boride, metal silicide, metal oxide, or combinations thereof 
Which is (are) deposited (for example by chemical vapor 
in?ltration) onto the refractory ?bers either before or after 
?ber preforming for purposes of controlling the ?ber/matrix 
interfacial bonding characteristics in the resultant compos 
ite. The resultant ?ber coating thus encapsulates the rein 
forcing ?bers. Examples include pyrolytic carbon, silicon 
carbide, silicon nitride, boron carbide, boron nitride, etc.; 
either as a single-layer phase, multilayered phase or as a 
phase of mixed composition. In one embodiment, the ?ber 
coating system has a thickness of ODS-5.0 micrometers. 

[0024] Ceramic matrix is de?ned as any refractory com 
position of either carbon, metal carbide, metal nitride, metal 
boride, metal silicide, metal oxide, or combinations thereof 
Which is subsequently deposited (for example by chemical 
vapor in?ltration) onto the previously coated refractory 
?bers Within the ?brous preform thereby encapsulating the 
?bers and consolidating the preform into the resultant den 
si?ed composite. The reinforcing ?bers of the ?brous pre 
form thus become imbedded Within and supported by the 
surrounding matrix. Examples include pyrolytic carbon, 
silicon carbide, boron carbide, silicon nitride, boron nitride, 
silicon boride, etc.; either as a single-phase or as a phase of 
mixed composition. 

[0025] Nanolayered ceramic matrix is de?ned as any 
ceramic matrix With a compositionally modulated micro 
structure consisting of a plurality of very thin periodically 
alternating layers (lamellae) composed of tWo or more 
material constituents Which is subsequently deposited (for 
example by chemical vapor in?ltration) onto the previously 
coated refractory ?bers Within the ?brous preform thereby 
encapsulating the ?bers and consolidating the preform into 
the resultant densi?ed composite. 

[0026] Chemical precursors are de?ned as any intermedi 
ate chemical(s) or presursory material(s) used in a process to 
form a resulting solid material upon thermochemical reac 
tion. For processing methods of chemical vapor in?ltration 
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(CVI) and chemical vapor deposition (CVD), the chemical 
precursors used to deposit ceramic materials are usually 
gases or vaporiZed liquids. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] FIG. 1 shoWs a high magni?cation backscattered 
electron image of an advanced multilayered SiC ?ber coat 
ing produced by chemical vapor in?ltration. 

[0028] FIG. 2 shoWs a high magni?cation scanning elec 
tron micrograph of a nanolayered silicon carbide material 
produced by chemical vapor deposition. 

[0029] FIG. 3 shoWs a high magni?cation scanning elec 
tron micrograph of a ?ber-reinforced nanolayered silicon 
carbide matrix composite material microstructure. 

[0030] FIG. 4 shoWs experimental uniaxial tensile stress 
strain curves acquired from a baseline non-layered Hi 
Nicalon/CVI SiC composite material system With a PyC 
?ber coating. 

[0031] FIG. 5 shoWs experimental uniaxial tensile stress 
strain curves acquired from a baseline non-layered ?-Nica 
lon/CVI SiC composite material system With a BN ?ber 
coating. 
[0032] FIG. 6 shoWs the corresponding tensile fracture 
surface for a baseline non-layered Hi-Nicalon/CVI SiC 
composite material system With a PyC ?ber coating. 

[0033] FIG. 7 shoWs the corresponding tensile fracture 
surface for a baseline non-layered Hi-Nicalon/CVI SiC 
composite material system With a BN ?ber coating. 

[0034] FIG. 8 shoWs experimental uniaxial tensile stress 
strain curves acquired from a Hi-Nicalon/CVI SiC compos 
ite material system having a nanolayered matrix and a PyC 
?ber coating. 

[0035] FIG. 9 shoWs experimental uniaxial tensile stress 
strain curves acquired from a Hi-Nicalon/CVI SiC compos 
ite material system having a nanolayered matrix and a BN 
?ber coating. 

[0036] FIG. 10 shoWs the corresponding tensile fracture 
surface for a Hi-Nicalon/CVI SiC composite material sys 
tem having nanolayered matrix and a PyC ?ber coating. 

[0037] FIG. 11 shoW the corresponding tensile fracture 
surface for a Hi-Nicalon/CVI SiC composite material sys 
tem having nanolayered matrix and a BN ?ber coating. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0038] In the present invention, a ?ber-reinforced ceramic 
matrix composite material With increased matrix cracking 
strength over currently available materials and a method for 
producing the same is described in detail With reference to 
the attached Figures. According to the present invention, a 
high-temperature ?ber-reinforced ceramic matrix composite 
material exhibiting increased resistance to the onset of 
matrix cracking is produced by engineering the microstruc 
ture of the ceramic matrix constituent. 

[0039] One embodiment of the present invention is a 
ceramic matrix composite material comprising a ?brous 
preform of refractory ?bers, a ?ber coating and a matrix With 
a nanolayered microstructure. The microstructure of the 
nanolayered ceramic matrix material comprises a plurality 
of primary phase layers of a ?rst material and a plurality of 
secondary phase layers of a second material, Wherein the 
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secondary phase layers are interposed between the primary 
phase layers. Further, the nanolayered ceramic matrix 
encapsulates the coated refractory ?bers and consolidates 
the ?brous preform into a densi?ed composite. 

[0040] Another embodiment of the present invention is a 
method for manufacturing a ?ber-reinforced nanolayered 
ceramic matrix composite material comprising providing a 
?brous reinforcing preform composed of refractory ?bers, 
depositing (for example by chemical vapor in?ltration) a 
?ber coating material onto the refractory ?bers of the ?brous 
preform, and depositing (for example by chemical vapor 
in?ltration) a nanolayered ceramic matrix material compris 
ing a plurality of primary phase layers of a ?rst material and 
a plurality of secondary phase layers of a second material, 
Wherein the secondary phase layers are interposed betWeen 
the primary phase layers. Further, the nanolayered ceramic 
matrix material is deposited such that it encapsulates the 
coated refractory ?bers of the ?brous preform and consoli 
dates the preform into a densi?ed composite. 

[0041] According to a manufacturing process of the cur 
rent invention, a ?brous reinforcing preform is produced by 
Weaving, braiding, ?lament Winding, ?ber placement, felt 
ing, needling, or other textile fabrication process using 
refractory ?bers such as carbon ?bers, silicon carbide ?bers, 
silicon nitride ?bers, aluminum oxide ?bers, etc. 

[0042] The ?brous preform is then generally ?xtured in a 
suitable holding tool. Tooling serves to provide structural 
support to the otherWise ?exible ?ber preform thereby 
controlling and maintaining the desired geometry, dimen 
sional tolerance(s) and/or ?ber volume fraction of the pre 
form prior to and folloWing matrix consolidation. Suitable 
tooling materials should be selected on the basis of several 
considerations: (1) thermochemical stability in the ?ber 
coating and matrix densi?cation processes; (2) thermo 
chemical and thermomechanical compatibility With the pre 
form reinforcing ?ber; (3) thermophysical stability for main 
taining desired component geometry during and folloWing 
materials processing; and (4) cost. Examples include graph 
ite, molybdenum and stainless steel. 

[0043] FolloWing fabrication and ?xturing of the ?brous 
preform, a ?ber coating or ?ber coating system is deposited 
(for example by chemical vapor in?ltration) onto the pre 
form. Amethod of depositing a suitable a multilayered ?ber 
coating system onto a refractory ?ber preform is disclosed in 
US. Pat. No. 5,455,106, the disclosure of Which has been 
previously incorporated herein. If the reinforcing ?bers have 
been coated prior to ?brous preforming (e.g., ?ber-level 
coating), this processing step may not be necessary. The 
deposited ?ber coating serves to control the desired ?ber/ 
matrix interfacial compliance and bonding characteristics in 
the resultant ceramic matrix composite. Examples of suit 
able ?ber coatings include pyrolytic carbon, silicon carbide, 
silicon nitride, boron carbide, boron nitride, etc., either as a 
single-layer phase, multilayered phase or as a phase of 
mixed composition. 

[0044] In a preferred method of the present invention the 
previously coated ?brous preform is consolidated With a 
nanolayered ceramic matrix. The microstructure of the 
nanolayered matrix consists of numerous very thin, periodi 
cally alternating layers (i.e., lamellae) of tWo or more 
material species, or phases. The nanolayered matrix con 
stituent consists fundamentally of a primary phase material 
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and a secondary phase material. Suitable examples for the 
primary phase material include silicon carbide, silicon 
nitride, boron carbide, etc., either as a single-phase, or as a 
phase of mixed composition. Suitable examples for the 
secondary phase material include pyrolytic carbon, silicon, 
silicon carbide, silicon nitride, boron carbide, boron nitride, 
etc., either as a single-layer phase, or as a phase of mixed 
composition. 
[0045] In accordance With the teachings of the present 
invention, the nanolayered matrix is produced by depositing 
(for example by chemical vapor in?ltration) a plurality of 
layers of a primary phase material With a thickness of on the 
order of a feW tens of nanometers, folloWed by depositing 
(for example by chemical vapor in?ltration) a plurality of 
layers of a secondary phase material With a thickness of 
about an order of magnitude less than that of the primary 
phase layers. The nanolayered matrix is thereby deposited 
such that the secondary phase material layers are interposed 
betWeen the primary phase material layers. In a preferred 
embodiment, the thicknesses of the primary phase layers 
comprising the nanolayered ceramic matrix are betWeen 5 
and 500 nm, and the thicknesses of the secondary phase 
layers comprising the nanolayered ceramic matrix are 
betWeen 1 and 100 nm. Thus, by interrupting grain groWth 
and limiting the grain siZe to the thicknesses of the primary 
and secondary material layers, the present invention dra 
matically increases the resistance to the onset of matrix 
cracking in the resultant composite over that exhibited by an 
unlayered or microlayered matrix constituent. 

EXAMPLE 

[0046] Apreferred method and resultant ceramic compos 
ite material of the present invention Will noW be described 
by Way of example using a Hi-Nicalon silicon carbide (SiC) 
?ber-reinforced SiC matrix composite (SiC/SiC) material 
system produced by methods of chemical vapor in?ltration 
(CVI). The SiC/SiC composite material system is selected 
for its desired nonlinear tensile stress-strain behavior and 
Well-de?ned matrix cracking strength, or proportional limit. 
The CVI-based processing technique for ?ber coating and 
matrix densi?cation is selected for its ability to produce very 
high purity materials With outstanding control and unifor 
mity of deposited material stoichiometry, morphology and 
thickness. 

[0047] A ?rst step in producing ceramic matrix composite 
materials according to the present invention is the fabrica 
tion of a suitable ?ber reinforcing preform. For this example, 
?brous preforms are fabricated by stacking 8 plies of plain 
Weave Hi-Nicalon SiC Woven fabric in a balanced and 
symmetric cross-ply (0°/90°)2S laminate orientation. Each 
dry (i.e., no resinous binders) laminated preform is then 
?xtured and ?at-Wise compacted in a graphite holding tool 
to maintain a ?ber volume fraction of ~40% by controlling 
the preform thickness prior to subsequent composite pro 
cessing. 
[0048] An initial processing step in a preferred method of 
the present invention is the application of a suitable ?ber 
coating or ?ber coating system by methods of CVI onto the 
laminated ?brous preforms prior to their consolidation With 
the matrix material deposited by CVI or other suitable 
matrix formation process. As previously discussed, a ?ber 
coating is required to impart the necessary ?ber/matrix 
interfacial mechanical characteristics (e.g., loW interfacial 
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shear strength) to promote high strength and toughness in 
the resulting composite. For this example, tWo (2) suitably 
different ?ber-coating materials, namely pyrolytic carbon 
(PyC) and pyrolytic boron nitride (BN), Will be used inde 
pendently for demonstrating the bene?ts of the nanolayered 
SiC matrix system. It has been found that PyC and EN 
coating thicknesses of ~0.4 pm and ~0.6 pm, respectively, 
result in near-optimum mechanical performance for CVI 
based SiC/SiC composites. Thus for this example, PyC and 
EN ?ber coatings Will be applied to the laminated fabric 
preforms by CVI With thicknesses of ~0.4 pm and ~0.6 pm, 
respectively. 
[0049] In the current example, the CVI-derived PyC ?ber 
coating is produced in a high-temperature, loW-pressure 
chemical vapor deposition (CVD) reactor by the thermal 
decomposition of a hydrocarbon-containing gas in the pres 
ence of hydrogen according to the folloWing chemical 
reaction: 

[0050] Where CDHrn is the gaseous hydrocarbon reactant 
(i.e., methane, propane, propylene etc.) and 0t is de?ned as 
the molar ratio of H2 to CnHm. At deposition temperatures 
betWeen 1000-1400° C., the deposit is typically smooth 
laminar PyC, Which has a hexagonal structure and, depend 
ing on the deposition temperature, has a density ranging 
betWeen 1.8-2.0 g/cm3. 

[0051] Further, the CVI-derived BN ?ber coating is pro 
duced in a high-temperature, loW-pressure CVD reactor by 
the hydrogen reduction of gaseous boron trichloride in the 
presence of ammonia according to the folloWing chemical 
reaction: 

[0052] Where 1] is de?ned as the molar ratio of NH3 to 
BCl3. At deposition temperatures betWeen 800-1200° C., the 
deposit is typically amorphous and, depending on the depo 
sition temperature, has a density ranging betWeen 1.8-2.0 
g/cm3. At temperatures above 1200° C., an increasingly 
crystalline deposit is obtained, until at around 1400° C. a 
crystalline BN is formed Which has a hexagonal structure 
and a theoretical density of 2.2 g/cm3. 

[0053] FolloWing the application of the PyC and EN ?ber 
coatings, the ?xtured ?ber preforms are prepared for matrix 
consolidation and densi?cation processing. Baseline (i.e., 
unlayered matrix) SiC/SiC composites incorporating each 
the PyC and EN ?ber coatings are also fabricated as experi 
mental control in order to quantify the matrix cracking test 
results obtained on the respective nanolayered matrix com 
posites of the present invention. The baseline unlayered SiC 
matrix is produced in a CVD reactor by the thermal decom 
position of vaporiZed methyltrichlorosilane (MTS) using 
hydrogen as a carrier gas at elevated temperature and 
reduced pressure according to the folloWing chemical reac 
tion: 

[0054] Where 0t is de?ned as the molar ratio of H2 to 
CH3SiCl3. At deposition temperatures betWeen 900-1300° 
C., the deposit is typically crystalline beta-SiC, Which has a 
cubic structure and a theoretical density of 3.21 g/cm3. The 
laminated preforms should remain ?xtured until an initial 
level of CVI SiC matrix is deposited to adequately rigidiZe 
the preforms. Upon rigidiZation, the external graphite tool 
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ing can be removed to enable matrix consolidation to 
continue on the freestanding preforms. CVI SiC densi?ca 
tion processing is thus continued until a Zero residual open 
porosity level is obtained in the resultant composite mate 
rial. 

[0055] In a preferred method, the nanolayered SiC matrix 
composite utiliZes SiC as the primary or major matrix 
constituent phase and PyC as the secondary or minor matrix 
constituent phase. PyC is selected as the minor nanolayering 
constituent because of its knoWn ability to effectively inter 
rupt the epitaxial groWth of vapor deposited SiC, While 
combining the bene?ts of extreme elastic modulus mismatch 
With SiC for reasons previously discussed. A suitable thick 
ness of the major SiC constituent is less than 100 nm. A 
suitable selected thickness of the minor PyC constituent is 
about 5 nm. The layer thickness of the primary phase 
material Will be substantially thicker than that of the sec 
ondary phase, generally to an order of magnitude or greater. 
The CVI SiC primary layers are deposited from vaporiZed 
methyltrichlorosilane (MTS) as previously described above, 
and the CVI PyC secondary, or interrupter layers, are 
produced by the thermal decomposition of methane, also as 
previously described. Both the CVI process temperature and 
pressure can generally be maintained constant throughout 
the deposition of the nanolayered matrix in order to provide 
overall simplicity and time-related economics to the process. 
In a preferred method of the present invention, primary and 
secondary constituent layer thicknesses can be precisely 
controlled by microprocessor-based cyclic throttling of the 
respective chemical precursors at prescribed time intervals. 
As discussed above, the appropriate time intervals Will be 
dependant on the respective deposition rates of the primary 
and secondary phase matrix materials, and the nanolayer 
thicknesses desired and are readily determinable by one 
skilled in the art. 

[0056] The laminated ?ber preforms should remain ?x 
tured until a level of CVI nanolayered SiC matrix is depos 
ited to adequately rigidiZe the preforms. The external graph 
ite tooling can then be removed upon rigidiZation to enable 
matrix consolidation to continue on the freestanding pre 
forms. With the tooling ?xtures removed, cyclic application 
of the primary and secondary matrix constituent materials is 
continued on the freestanding preforms until a Zero residual 
open porosity level is obtained. FIG. 3 shoWs a typical 
scanning electron micrograph of a nanolayered SiC matrix 
composite microstructure. 

[0057] Mechanical test specimens are then machined from 
each of the tWo (2) densi?ed baseline and tWo (2) nanolay 
ered SiC/SiC ceramic composite plates produced for experi 
mental evaluation. Nine (9) replicate tensile test specimens 
from each of the four (4) SiC/SiC composite variants (e.g., 
tWo (2) ?ber coatings and tWo (2) matrices) are prepared and 
instrumented With resistive foil gages for longitudinal strain 
measurement and adhesive-bonded end tabs for load intro 
duction. In order to quantify the bene?cial results of nano 
layering the matrix microstructure on the matrix cracking 
strength, axial monotonic loading is performed at ambient 
conditions under an enforced displacement rate of 1.27 
mm/min as per ASTM testing standards. An acoustic emis 
sion technique can be utiliZed during tensile testing to better 
establish and characteriZe the initial on-set of matrix crack 
ing and multiple matrix fracture process signatures for the 
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composite specimens tested. Data acquisition for this 
example demonstration included continuous tensile stress 
strain curves and continuous strain-dependent acoustic 
matrix cracking signatures. 

[0058] FIGS. 4 and 5 shoW experimental uniaxial tensile 
stress-strain curves (9 replicates each) acquired from the 
baseline Hi-Nicalon/non-layered SiC matrix composites 
With PyC and EN ?ber coatings, respectively. As can be seen 
from these graphical ?gures, the overall stress-strain char 
acteristics appear to be insensitive to the particular ?ber 
coating system as both exhibit “classical” brittle-matrix 
composite stress-strain behavior. That is, both graphs exhibit 
a three (3) regime characteristic including: (1) an initial 
linear-elastic region, folloWed by (2) an erratic “knee” 
during early multiple matrix fracture, Which then (3) termi 
nates to a continuous nonlinear trajectory during the transi 
tion betWeen latent matrix cracking, crack saturation and 
?ber debonding. For both conventional ?ber-coating sys 
tems, deviation from elastic linearity, designating the onset 
of matrix cracking, consistently occurred at stress levels of 
about 80 MPa. The region immediately folloWing the onset 
of matrix cracking is of particular interest because of the 
erratic behavior in the stress-strain characteristics. Each 
apparent stress “jumping” event is due to the formation and 
dynamic propagation (i.e., energy release) of relatively large 
matrix macrocracks Which travel rapidly across the test 
specimen cross-section. 

[0059] FIGS. 6 and 7 shoW the corresponding tensile 
fracture surfaces for the baseline PyC and EN ?ber-coated 
SiC matrix composites, respectively. These high-magni?ca 
tion images depict a classical fracture morphology typical of 
successfully manufactured continuous ?ber-reinforced 
ceramic composites as exhibited by limited matrix crack 
tortuosity and liberal ?ber pullout. 

[0060] In contrast, FIGS. 8 and 9 shoW the uniaxial 
tensile stress-strain curves (9 replicates each) acquired from 
Hi-Nicalon/nanolayered SiC matrix composites With PyC 
and EN ?ber coatings, respectively, made in accordance 
With the teachings of the present invention. Deviation from 
linearity (e.g., onset of matrix cracking) in these cases occur 
at stress levels consistently above 100 Mpa. Of particular 
interest is that folloWing the onset of matrix cracking, these 
composites exhibit a very smooth and rapid nonlinear stress 
strain transition to a secondary linear region. This is believed 
to be due to the tortuosity of matrix crack propagation in the 
nanolayered matrix folloWing the onset of cracking. That is, 
throughout the multiple matrix fracturing process, cracks 
Which initiate at free surfaces (e.g., external and internal 
voids) must propagate toWards the ?ber through individual 
matrix layers via the shear lag mechanism. Because of 
combined compliance mismatch and loW interfacial bond 
strength, these layers impede rapid co-planer crack propa 
gation through extensive interlayer microcracking, debond 
ing and displacement slip. Propagating internal matrix 
microcracks are thus effectively diverted and/or blunted 
prior to their approach toWards the reinforcing ?ber, serving 
to increase the apparent toughness of the matrix constituent. 
This mechanism effectively dampens energetic macrocrack 
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propagation and resulting erratic stress-strain behavior typi 
cal in conventionally processed SiC matrix composites 
Wherein matrix cracks are usually de?ected at the ?ber/ 

matrix interphase region. The smooth continuous transition 
during early multiple matrix cracking shoWn in FIGS. 8 and 
9 is likely due to the occurrence of a greater frequency of 

loWer fracture energy release events through the thin matrix 

layers. These loWer energy events aid in dampening the 
discrete jumps in stress by producing a greater density of 
?ne matrix microcracks as opposed to feWer, more energetic 
macrocracks. FolloWing the region of intense multiple 
matrix fracture, the stress-strain trajectories quickly recover, 
resulting in quasi-bilinear elastic behavior. 

[0061] FIGS. 10 and 11 shoW the corresponding tensile 
fracture surfaces for PyC and EN ?ber coated nanolayered 
SiC matrix composites, respectively, produced in accor 
dance With the teachings of the present invention described 
above. These images clearly shoW the unique and complex 
failure mechanisms afforded by the matrix nanolayering 
process of the present invention. The “stair-stepping” frac 
ture morphology With extensive layer debonding and crack 
branching Within the matrix layers can clearly be seen. 
Examination of the high-magni?cation scanning electron 
micrographs also shoWs that matrix microcrack propagation 
appears to “jump” betWeen four and six discrete primary 
matrix layers. This is likely due to the magnitude of the 

strain energy that must be dissipated (i.e., released) during 
the propagation of internal fractures upon the formation of 
neW surfaces. With similar reasoning, this interlayer crack 
propagation phenomenon may be a function of the applied 
strain rate Wherein higher rates may result in greater discrete 

jumps. Unlike that of the baseline materials, these compos 
ites consistently exhibited highly irregular “cup-like” frac 
ture surfaces. This apparent matrix crack tortuosity is indica 
tive of a high level of matrix material toughness. 

[0062] Table 1 summariZes the comparative tensile test 
results for the baseline non-layered Hi-Nicalon/CVI SiC 
composites as compared With the Hi-Nicalon/CVI SiC com 
posites having a nanolayered matrix microstructure pro 
duced in accordance With the teachings of the present 
invention. As indicated by these results, the nanolayered SiC 
matrix composite of the present invention exhibits a con 

sistent matrix cracking strength increase of over 30% for 
both PyC and EN ?ber coatings as compared to that of the 
conventional un-layered SiC matrix composite baseline. 

[0063] A nanolayered matrix composite material and a 
method for producing the same has been herein shoWn and 
described. While the preferred embodiments of the devices 
and methods have been described, they are merely illustra 
tive of the principles of the invention. Other embodiments 
and con?gurations may be devised Without departing from 
the spirit of the inventions and the scope of the appended 
claims. 
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TABLE 1 

Matrix Svstem 

Baseline SiC** Nanolayered SiC** 
Fiber Coating Svstem Fiber Coating Svstem 

Material Properties" Units PyC EN EN 

Fabric Areal Weight g/m2 280 280 280 280 
Fiber Density g/cm3 2.74 2.74 2.74 2.74 
Fiber Volume Fraction % 29.0 (1.4) 31.5 (1.5) 29.8 (1.0) 33.0 (1.1) 
Fiber Coating Thickness ,um ~0.4 ~0.6 ~0.4 ~0.6 
Fiber Coating Fraction % 3.2 (0.2) 5.2 (0.3) 3.3 (0.1) 5.5 (0.2) 
Theoretical Density g/cm3 3.06 (0.01) 3.06 (0.01) 3.06 (0.01) 3.05 (0.01) 
Measured Bulk Density g/cm3 2.71 (0.04) 2.68 (0.02) 2.67 (0.05) 2.54 (0.04) 
Residual Porosity % 11.7 (1.3) 12.4 (0.8) 12.8 (1.7) 12.5 (1.3) 
Matrix Layer Thickness nm — — ~100 ~100 

Matrix Cracking Strength MPa 81.2 (10.3) 80.0 (11.2) 106.1 (8.9) 104.9 (11.9) 
Cracking Strength Increase % — — 30.7 30.1 

Ultimate Tensile Strength MP8. 318.6 (26.2) 332.3 (17.2) 298.6 (20.5) 307.0 (14.1) 
Tensile Failure Strain % 0.68 (0.09) 0.79 (0.09) 0.57 (0.06) 0.80 (0.03) 
Tensile Elastic Modulus GPa 322.8 (85.3) 271.1 (19.3) 277.0 (61.8) 293.5 (67.4) 
Number of Replicate Tests — 9 9 9 

*Average Value (Standard Deviation) 
**Plain-Weave Fabric, 8-Ply (0/90) Laminate 

1-12. (canceled) 
13. A method for manufacturing a ?ber-reinforced nano 

layered ceramic matrix composite material comprising: 

fabricating a ?brous preform of refractory reinforcing 
?bers; 

depositing a ?ber coating material Which fully encapsu 
lates the refractory ?bers thereof; and 

depositing a ceramic matrix material With a nanolayered 
microstructure comprising a plurality of primary phase 
layers of a ?rst material and a plurality of secondary 
phase layers of a second material, Wherein the second 
ary phase layers are interposed between the primary 
phase layers, and Wherein the nanolayered ceramic 
matrix material encapsulates the coated refractory 
?bers of the ?brous preform and consolidates the 
preform into a densi?ed composite. 

14. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein said ?brous preform is fabricated from an 
assemblage of refractory ?bers produced by a textile fabri 
cation process selected from a group of fabrication processes 
comprising Weaving, braiding, knitting, ?ber placement, 
?lament Winding, felting, and needling. 

15. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein the ?ber coating deposited on said ?brous 
preform has a thickness of 0.05-5.0 micrometers and is 
produced by a process selected from the group of ?ber 
coating processes comprising chemical vapor in?ltration 
(CVI), polymer precursor impregnation/pyrolysis (PIP), 
reaction formation, and combinations thereof. 

16. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein the ?ber coating deposited on said ?brous 
preform is carbon produced by chemical vapor in?ltration 
using a carbon-forming precursor selected from a group of 
chemical precursors comprising methane, propane, propy 

lene, and mixtures thereof, Which is pyrolytically decom 
posed into carbon at an elevated temperature of 950-1250° 
C. and at a reduced pressure of 1-250 Torr. 

17. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein the ?ber coating deposited on said ?brous 
preform is boron nitride produced by chemical vapor in?l 
tration using a boron nitride-forming precursor selected 
from a group of chemical precursors comprising boron 
trichloride, boron tri?ouride, diborane, and mixtures thereof, 
Which is reduced With a reductant selected from a group of 
chemical reductants comprising nitrogen, hydrogen, ammo 
nia, and mixtures thereof to form boron nitride at an elevated 
temperature of 700-1200° C. and at a reduced pressure of 
1-250 Torr. 

18. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein said ?brous preform is ?rst coated With 
carbon folloWed by a boron carbide coating produced by 
chemical vapor in?ltration using a boron carbide-forming 
precursor selected from a group of chemical precursors 
comprising boron trichloride, boron tri?ouride, diborane, 
and mixtures thereof, Which is reacted With a carbon 
forming precursor selected from a group of chemical reac 
tants comprising methane, propane, propylene, and mixtures 
thereof to form boron carbide at an elevated temperature of 
800-1100° C. and at a reduced pressure of 1-250 Torr. 

19. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein said ?ber coated ?brous preform is 
consolidated With a nanolayered ceramic matrix material 
produced by a process selected from a group of matrix 
consolidation processes comprising chemical vapor in?ltra 
tion (CVI), polymer precursor impregnation/pyrolysis (PIP), 
reaction formation, and combinations thereof, Which fully 
encapsulates said coated reinforcing ?bers of said ?brous 
preform for transforming said ?brous preform into a dense, 
ceramic matrix composite material. 

20. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
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claim 13, wherein said nanolayered ceramic matrix material 
is manufactured by the steps comprising: 

depositing a ?rst layer of a primary phase material With a 
thickness of betWeen 5 and 500 nanometers; 

depositing a second layer of a secondary phase material 
With a thickness of betWeen 1 and 100 nanometers; and 

sequentially repeating steps (a-b) to create a material With 
a nanolayered microstructure comprising a plurality of 
primary phase layers of a ?rst material and a plurality 
of secondary phase layers of a second material, the 
secondary phase layers interposed betWeen the primary 
phase layers, Wherein the nanolayered ceramic matrix 
material encapsulates the coated refractory ?bers of the 
?brous preform and consolidates the preform into a 
densi?ed composite. 

21. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 20, Wherein said primary phase material layers and 
said secondary phase material layers comprising said nano 
layered ceramic matrix material are produced by chemical 
vapor in?ltration. 

22. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 20, Wherein said primary phase layers and said sec 
ondary phase layers comprising the nanolayered ceramic 
matrix material are produced by periodic throttling of the 
respective chemical precursor materials at discrete time 
intervals during chemical vapor in?ltration matrix deposi 
tion processing, Whereby the selected throttling frequencies 
are dependent on the respective primary and secondary 
material deposition rates. 

23. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 20, Wherein the chemical vapor in?ltration process for 
depositing said primary phase layers and said secondary 
phase layers comprising said nanolayered ceramic matrix 
material is maintained at a constant temperature, Whereby 
the selected processing temperature is dependent on the 
compatibility for producing both said primary and said 
secondary material phases. 

24. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 20, Wherein the chemical vapor in?ltration process for 
depositing said primary and said secondary phase layers 
comprising said nanolayered ceramic matrix material is 
maintained at a constant pressure, Whereby the selected 
processing pressure is dependent on the compatibility for 
producing both said primary and said secondary material 
phases. 

25. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein said plurality of primary phase layers 
comprising said nanolayered ceramic matrix are silicon 
carbide produced by chemical vapor in?ltration using a 
silicon carbide-forming precursor selected from a group of 
chemical precursors comprising methyltrichlorosilane, dim 
ethyldichlorosilane, silicon tetrachloride With methane, and 
mixtures thereof, Which is reacted to form silicon carbide at 
an elevated temperature of 850-1150° C. and at a reduced 
pressure of 1-250 Torr. 

26. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein said plurality of primary phase layers 
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comprising said nanolayered ceramic matrix are silicon 
nitride produced by chemical vapor in?ltration using a 
silicon nitride-forming precursor selected from a group of 
chemical precursors comprising silicon tetrachloride, silicon 
tetra?ouride, dichlorosilane, trichlorosilane, and mixtures 
thereof, Which is reduced With a reductant selected from a 
group of chemical reductants comprising ammonia, nitro 
gen, hydrogen, and mixtures thereof to form silicon nitride 
at an elevated temperature of 800-1100° C. and at a reduced 
pressure of 1-250 Torr. 

27. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein said plurality of primary phase layers 
comprising said nanolayered ceramic matrix are boron car 
bide produced by chemical vapor in?ltration using a boron 
carbide-forming precursor selected from a group of chemi 
cal precursors comprising boron trichloride, boron tri?ou 
ride, diborane, and mixtures thereof, Which is reacted With 
a carbon-forming precursor selected from a group of chemi 
cal reactants comprising methane, propane, propylene, and 
mixtures thereof to form boron carbide at an elevated 
temperature of 800-1100° C. and at a reduced pressure of 
1-250 Torr. 

28. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein said plurality of secondary phase layers 
comprising said nanolayered ceramic matrix are carbon 
produced by chemical vapor in?ltration using a carbon 
forming precursor selected from a group of chemical pre 
cursors comprising methane, propane, propylene, and mix 
tures thereof, Which is pyrolytically decomposed into carbon 
at an elevated temperature of 950-1250° C. and at a reduced 
pressure of 1-250 Torr. 

29. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein said plurality of secondary phase layers 
comprising the nanolayered ceramic matrix are silicon pro 
duced by chemical vapor in?ltration using a silicon-forming 
precursor selected from the group of chemical precursors 
comprising dichlorosilane, trichlorosilane and mixtures 
thereof, Which is reduced With hydrogen to form silicon at 
an elevated temperature of 950-1250° C. and at a reduced 
pressure of 1-250 Torr. 

30. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein said plurality of secondary phase layers 
comprising the nanolayered ceramic matrix are boron nitride 
produced by chemical vapor in?ltration using a boron 
nitride-forming precursor selected from a group of chemical 
precursors comprising boron trichloride, boron tri?ouride, 
diborane, and mixtures thereof, Which is reduced With a 
reductant selected from a group of chemical reductants 
comprising nitrogen, hydrogen, ammonia, and mixtures 
thereof to form boron nitride at an elevated temperature of 
700-1200° C. and at a reduced pressure of 1-250 Torr. 

31. The method for manufacturing a ?ber-reinforced 
nanolayered ceramic matrix composite material recited in 
claim 13, Wherein said plurality of secondary phase layers 
comprising the nanolayered ceramic matrix are silicon 
nitride produced by chemical vapor in?ltration using a 
silicon nitride-forming precursor selected from a group of 
chemical precursors comprising silicon tetrachloride, silicon 
tetra?ouride, dichlorosilane, trichlorosilane, and mixtures 
thereof, Which is reduced With a reductant selected from a 
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group of chemical reductants comprising ammonia, nitro 
gen, hydrogen, and mixtures thereof to form silicon nitride 
at an elevated temperature of 800-1100° C. and at a reduced 
pressure of 1-250 Torr. 

32. A ?ber-reinforced ceramic matrix composite material 
having enhanced matrix cracking strength, comprising: 

a ?brous preform of refractory ?bers; 

a ?ber coating material Which fully encapsulates the 
refractory ?bers of said ?brous perform; and 

a high-strength, nanolayered ceramic matrix Which fully 
encapsulates and consolidates the refractory ?bers of 
said ?brous preform into a densi?ed composite, said 
nanolayered ceramic matrix having a microstructure 
comprising a plurality of primary phase layers being 
formed from a ?rst material and having a thickness of 
betWeen 5 and 500 nm, and a plurality of secondary 
phase layers being formed from a second material and 
having a thickness of betWeen 1 and 100 nm, Wherein 
said plurality of secondary phase layers are interposed 
betWeen said plurality of primary phase layers, such 
that the tensile matrix cracking strength of said ceramic 
matrix composite material is greater than 100 Mpa, 

said ?ber coating material debonding said nanolayered 
ceramic matrix from the refractory ?bers of said ?brous 
perform. 

33. The ?ber-reinforced ceramic matrix composite mate 
rial recited in claim 32, Wherein the ?rst material from Which 
said plurality of primary phase layers of said nanolayered 
ceramic matrix formed is selected from a group of materials 
consisting of silicon, silicon carbide, boron carbide, tanta 
lum carbide, hafnium carbide, Zirconium carbide, silicon 
nitride, tantalum nitride, hafnium nitride, Zirconium nitride, 
titanium nitride, silicon boride, tantalum boride, hafnium 
boride, Zirconium boride, titanium boride, Zirconium sili 
cide, titanium silicide, molybdenum silicide, aluminum 
oxide, silicon oxide, hafnium oxide, Zirconium oxide, and 
titanium oxide. 

34. The ?ber-reinforced ceramic matrix composite mate 
rial recited in claim 32, Wherein the second material from 
Which said plurality of secondary phase layers of said 
nanolayered ceramic matrix is formed is selected from a 
group of materials consisting of carbon, silicon, silicon 
carbide, boron carbide, tantalum carbide, hafnium carbide, 
Zirconium carbide, silicon nitride, boron nitride, tantalum 
nitride, hafnium nitride, Zirconium nitride, titanium nitride, 
aluminum nitride, silicon boride, tantalum boride, hafnium 
boride, Zirconium boride, titanium boride, Zirconium sili 
cide, titanium silicide, molybdenum silicide, aluminum 
oxide, silicon oxide, hafnium oxide, Zirconium oxide, and 
titanium oxide. 

35. The ?ber-reinforced ceramic matrix composite mate 
rial recited in claim 32, Wherein each of the plurality of 
primary phase layers of said nanolayered ceramic matrix is 
formed from the same material. 

36. The ?ber-reinforced ceramic matrix composite mate 
rial recited in claim 32, Wherein each of the plurality of 
secondary phase layers of said nanolayered ceramic matrix 
is formed from the same material. 

37. The ?ber-reinforced ceramic matrix composite mate 
rial recited in claim 32, Wherein the ?rst material of said 
plurality of primary phase layers of said nanolayered 
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ceramic matrix is a crystalline material, the second material 
of said plurality of secondary phase layers being capable of 
interrupting the groWth of the crystallites of the ?rst crys 
talline material of said primary phase layers. 

38. The ?ber-reinforced ceramic matrix composite mate 
rial recited in claim 32, Wherein the refractory ?bers of said 
?brous preform are selected from a group of ?ber materials 
consisting of silicon carbide, silicon nitride, aluminum 
oxide, and any other matrix thermal expansion-compatible 
?ber material that is capable of Withstanding a temperature 
in excess of 800° C. 

39. The ?ber-reinforced ceramic matrix composite mate 
rial recited in claim 32, Wherein the ?ber coating material 
Which encapsulates the refractory ?bers of said ?brous 
perform is a coating having a thickness of betWeen 0.05 and 
5.0 micrometers and being selected from a group of ?ber 
coating materials consisting of carbon, silicon carbide, 
boron carbide, tantalum carbide, hafnium carbide, Zirconium 
carbide, silicon nitride, boron nitride, tantalum nitride, 
hafnium nitride, Zirconium nitride, titanium nitride, alumi 
num nitride, silicon boride, tantalum boride, hafnium boride, 
Zirconium boride, titanium boride, Zirconium silicide, tita 
nium silicide, molybdenum silicide, aluminum oxide, silicon 
oxide, hafnium oxide, Zirconium oxide, and titanium oxide. 

40. The ?ber-reinforced ceramic matrix composite mate 
rial recited in claim 39, Wherein said ?ber coating material 
consists of a single-layer phase of uniform composition. 

41. The ?ber-reinforced ceramic matrix composite mate 
rial recited in claim 39, Wherein said ?ber coating material 
consists of a single-layer phase of mixed composition. 

42. The ?ber-reinforced ceramic matrix composite mate 
rial recited in claim 39, Wherein said ?ber coating material 
consists of a multilayered phase including alternating coat 
ing layers having respective ?ber coating compositions. 

43. A ?ber-reinforced ceramic matrix composite material 
having enhanced matrix cracking strength, comprising: 

a ?brous preform of refractory ?bers; 

a high-strength, nanolayered ceramic matrix Which fully 
encapsulates the refractory ?bers of said ?brous pre 
form into a densi?ed composite, said nanolayered 
ceramic matrix having a microstructure including a 
plurality of primary phase layers being formed from the 
same ?rst crystalline material and a plurality of sec 
ondary phase layers being formed from the same sec 
ond material, said second material being different from 
said ?rst material and being capable of interrupting the 
groWth of the crystallites of said ?rst crystalline mate 
rial, and said plurality of secondary phase layers being 
interposed betWeen said plurality of primary phase 
layers such that the tensile matrix cracking strength of 
said ceramic matrix composite material is greater than 
100 Mpa; and 

a debonding layer to debond said nanolayered ceramic 
matrix from the refractory ?bers of said ?brous per 
form. 

44. The ?ber-reinforced ceramic matrix composite mate 
rial recited in claim 43, Wherein the ?rst crystalline material 
from Which said plurality of primary phase layers are formed 
is silicon carbide. 


