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(57) ABSTRACT

A ceramic matrix composite material 1s disclosed having
non-oxide ceramic fibers, which are formed in a complex
fiber architecture by conventional textile processes; a thin
mechanically weak interphase material, which 1s coated on
the fibers:; and a non-oxide or oxide ceramic matrix, which 1s
formed within the interstices of the interphase-coated fiber
architecture. During composite fabrication or post treatment,
the interphase 1s allowed to debond from the matrix while still
adhering to the fibers, thereby providing enhanced oxidative
durability and damage tolerance to the fibers and the compos-
ite material.
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INTERPHASE FOR CERAMIC MATRIX
COMPOSITES REINFORCED BY NON-OXIDLE
CERAMIC FIBERS

ORIGIN OF THE INVENTION

The invention described herein was made by employees of

the United States Government and may be manufactured and
used by or for the Government for Government purposes
without payment of any royalties thereon or therefore.

BACKGROUND OF THE INVENTION

1. Field of Invention

The present invention relates to ceramic materials where
the materials are ceramic matrix composites reinforced by
continuous-length small-diameter ceramic fibers that are
formed 1n complex shaped architectures by conventional tex-
tile processes. In particular, the present invention 1s based on
improving the damage tolerance and oxidative durability of
ceramic matrix composites consisting of non-oxide or oxide
ceramic matrices reinforced by ceramic fibers with non-oxide
chemical compositions.

2. Description of Related Art

As power and propulsion systems advance, there are many
applications that require new materials that are expected to
withstand high stresses for extended times at higher tempera-
tures than state-of-the-art metallic alloys (above ~1100° C.).
Such requirements generally arise in commercial, industrial,
and military areas requiring improved engines for transpor-
tation, energy production, and energy conversion. This 1s
particularly true for aero-based and land-based gas turbine
engines, where improving efliciency and reducing emissions
1s accomplished by raising the temperature capability of the
material 1n hot section components like combustors, vanes,
and blades that must also function under high mechanical,
thermal, and aerodynamic stresses. Most of these high tem-
perature applications also have oxidative service conditions
due to the combustion of fuel and oxygen and to the cooling
of components by ambient air. Oxidative conditions can also
occur 1n space-based engines where one burns hydrogen or jet
fuel 1n oxygen obtained from the liquid state.

Ceramic composites with oxidation-resistant ceramic
matrices reinforced by complex architectures of continuous-
length fibers with non-oxide chemical compositions, such as
s1licon carbide (S1C), have many of the desired properties for
these applications and compete against monolithic ceramic
materials with similar compositions as the matrices. How-
ever, the monolithic materials often fracture catastrophically
and so fiber-reinforced composite materials are generally
required for graceful failure and significantly improved
toughness and damage tolerance. This enhancement arises
from the deposition of a thin mechanically weak coating or
interphase on the fibers to cause random cracks in the ceramic
matrix to be deflected around the fibers, thereby allowing the
fibers to remain intact, to bridge the matrix cracks, and to
carry the structural loads applied to the composite. Although
other fiber types based on high-temperature oxide composi-
tions can be used to bridge cracks, at temperatures above
1100° C. current state-of-the-art oxide fibers creep and rup-
ture at significantly lower stresses than non-oxide fibers with
such base compositions as S1C, silicon nitride (S1;N,), and
carbon. Thus non-oxide fiber-reinforced ceramic matrix coms-
posites, such as S1C fiber-reinforced S1C matrix composites
(S1C/S1C), are currently gaiming the most technical interest
tor replacing metallic alloys for the hot-section components
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complex shapes of these components and the need for rein-
forcing fibers 1in mult1 directions, conventional textile pro-
cesses such as weaving and braiding are generally required 1n
order to form net-shape fiber-architecture preforms that are
eventually infiltrated with the ceramic matrix material.

One potential 1ssue with non-oxide fibers 1s that if the
ceramic matrix composite 1s cracked by unforeseen stresses,
the crack-bridging fibers and their interphases will be
exposed to oxidizing environments that enter the composite
through matrix cracks that terminate at the composite surface.
If the matrix cracks are also allowed to reach the fiber sur-
faces, the oxygen will attack the non-oxide fibers by forming
volatile oxides or forming performance-degrading oxide lay-
ers on the fiber surface. Ceramic materials with Si-based
compositions are the most resistant to oxygen in that their
oxide layers with compositions based on silicon dioxide (i.e.,
silica) are the slowest to grow of any non-oxide ceramic.
Thus, for long-term service of cracked composites, fibers
based on S1C and S1,N, are the most preferred of all the
non-oxide fibers. However, although silica growth 1s slow,
even a small amount can cause contacting fibers to bond to
cach other and to Si-based matrices, thereby eliminating the
ability of each fiber to act independently. The detrimental
consequence 1s that 11 one fiber should fracture prematurely,
all others to which 1t 1s bonded will fracture, causing cata-
strophic composite fracture or rupture at low stresses and
short times. This oxidation 1ssue for Si-based fibers typically
begins at mntermediate temperatures (600 to 800° C.) where
the silica formation 1s slow but suilicient to cause fiber-fiber
and fiber-matrix bonding.

To minimize the mtermediate temperature oxidation prob-
lem for composites reinforced by non-oxide fibers, prior art
contains a variety of approaches to prevent the cracks from
reaching the fiber surfaces (e.g., patents: Goujard et al., U.S.
Pat. No. 5,738,951; Fareed et al., U.S. Pat. No. 6,228,453 and
in the literature: H. W. Carpenter and J. W. Bohlen, Ceramic
Engineering and Science Proceedings, vol. 13, no. 7-8, pp.
23-36 (1992)). For these approaches, the general objective 1s
to design an interphase structure so that prior to the crack
reaching the fiber, local mechanical contact between the fiber
and matrix 1s lost either within the interphase structure or on
the outside of the interphase (outside debonding). The
remaining interphase material on the fiber surface will then
slow down silica formation on the fiber, provided the inter-
phase composition can provide some oxidative stability. A
typical approach of prior art 1s to deposit multi-layer inter-
phases on the fibers that consist of thin oxidation-resistant
layers like S1C separated by thin and weak crack deflection
layers like carbon, boron mitride, or porous oxides (U.S. Pat.
Nos. 5,738,951 & 6,228,453). However, all prior art patents
related to the use of the outside debonding mechanism are
based on the interphase debonding from the matrix to occur
during matrix crack propagation, thus requiring similar
microstructure conditions to exist locally near every inter-
phase, even for complex fiber architectures produced by con-
ventional textile processes.

SUMMARY OF THE INVENTION

The present invention seeks to improve the oxidative dura-
bility of ceramic matrix composite materials reinforced by
non-oxide fibers in a more reliable and more cost-effective
manner than prior art. To accomplish this, the present inven-
tion, 1 two embodiments, creates simple constituent and
process conditions for composite fabrication that assure that
the mterphases are already outside debonded from the matri-
ces 1n the as-fabricated materials. Even though the inter-
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phases are debonded, load transfer between the fibers and
matrix and high composite strength are still maintained due to
the complex fiber architectures which allow the interphases to
mechanically shide against the matrix during the application
of stress. Thus, when the material does crack, the complete
interphase 1s retained on top of each fiber so that the oxidation
can be reliably slowed from reaching the fiber. In comparison
to prior art, this invention avoids the fabrication of complex
interphase compositions and structures, does not rely on
uncertain microstructural conditions for 1n-situ matrix crack
deflection, and provides more reliable retention of the total
interphase on the fiber surface.

According to one aspect of this invention, composite pro-
cess and constituent conditions are disclosed which provide
significant improvement for the oxidative durability of state-
of-the-art S1C/S1C ceramic matrix composites after cracking
in air at intermediate temperatures. The interphase material
based on boron nitride (BN) compositions 1s allowed to deb-
ond from the S1C matrix (outside debonding) and remain on
the S1C fiber surface alter composite fabrication and during
composite oxidation testing. The composite structural life 1s
significantly enhanced over the normal situation where dur-
ing testing of the same composite systems, the matrix cracks
deflected 1nside the interphase (inside debonding), thereby
allowing direct access of oxygen to the fiber surfaces.

Additionally, two exemplary embodiments, A and B, of the
invention are disclosed. Both rely on the proper selection of
constituent materials and composite fabrication processes 1n
order to develop internal residual stresses during and after
ceramic composite fabrication that eventually create outside
debonded interphases 1n the finished composite product.

According to Embodiment A, a very thin layer with a weak
composition (such as carbon) 1s formed during composite
fabrication on top of an interphase material with a composi-
tion that forms relatively stable oxides (such as BN-based
compositions). The matrix composition 1s then chosen so that
residual tensile stresses can develop between the interphase
and matrix during matrix consolidation and composite cool
down to room temperature. The tensile stresses should be
high enough and/or the interphase over-coating weak enough

to cause outside debonding during composite fabrication
while retaining mterphase bonding to the fiber surtace.

According to Embodiment B, a method of forming a
ceramic matrix composite 1s disclosed and includes the mitial
step of selecting non-oxide fiber types that are microstructure
and performance stable to temperatures above the intended
composite maximum service temperature. The next steps are
to deposit an oxidatively stable but thermally unstable, 1.¢.,
not fully crystalline, coating on the fibers (such as BN-based
compositions produced at low temperature), and to form the
final ceramic matrix at temperatures well below the upper
stability temperature of the fibers. The final composite 1s then
heat treated at temperatures up to the upper stability tempera-
ture of the fibers. During heat treatment the dimensionally
unstable interphase will density and shrink towards the fiber,
thereby developing residual tensile stresses between the inter-
phase and matrix. By controlling such processes as the inter-
phase deposition temperature and the time and temperature of
heat treatment, the residual tensile stresses can be made large
enough to cause outside debonding of the interphase after
composite fabrication and post-treatment.

These and other vanations of the present invention will be
described 1n or be apparent from the following description of
the preferred embodiments.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

For the present mmvention to be easily understood and
readily practiced, the present invention will now be described,
for purposes of 1llustration and not limitation, in conjunction
with the following figures:

FIG. 1 provides an example of the fracture surface for a
S1C/S1C composite which shows typical mside debonding
between the S1C fibers and BN-based interphases, with FIG.
1 (a) showing a low magnification with little fiber pullout
across the entire fracture surface and FIG. 1 (b) showing a
higher magnification where the fiber surfaces are bare and the
BN 1interphases adhere to the matrix. It should be noted that
not all inside debonding S1C/S1C composites have small pull-
out. However, small pull-out 1s typically the case for those
S1C fiber types which offer the desirable property of little or
no carbon on their surfaces atter composite fabrication;

FI1G. 2 1llustrates examples of fracture surfaces for S1C/S1C
composites where outside debonding occurs between the BN
interphases and the S1C matrix. FIG. 2 (a) shows good pullout
indicating good toughness; FIG. 2 (&) shows an example of
Embodiment A; and FIG. 2 (¢) shows an example of Embodi-
ment B;

FIG. 3 1llustrates the effects of inside and outside debond-
ing on the room temperature stress-strain curves for S1C/S1C

composites reinforced by “Sylramic-1IBN™ S1C fibers, shown
in FI1G. 3 (a), and “Hi-Nicalon Type S S1C fibers, shown 1n

FIG. 3 (b);

FIG. 4 provides a schematic representation of oxidation of
BN-based interphases and Si1-based fibers for inside debond-
ing between the fiber and the interphase, shown 1n FIG. 4 (a),
and of improved oxidative durability for outside debonding
between the interphase and the matrix, shown in FIG. 4 (b);

[l

FIG. § illustrates stress-rupture curves at 815° C. 1n air for
inside and outside debonded S1C/S1C composites reinforced
by “Sylramic®” (SYL) and “Sylramic-1IBN (SYL-1BN)” SiC
fibers; and

FIG. 6 provides a Scanming Flectron Microscope photo of
the fracture surface of an outside debonded S1C/S1C compos-

ite with a BN-based interphase after stress-rupture testing for
~100 hours at 815° C. 1n air.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

In 1ts most general description, the present invention 1s
directed toward improving the oxidative durability of ceramic
matrix composites consisting of non-oxide ceramic fibers in
non-oxide and oxide ceramic matrices. It functions by coating
the fibers with an interphase material that can provide added
oxidation resistance to the fibers, and by providing two
residual stress methods to achieve debonding between the
interphase coating and the matrix (outside debonding) during
composite processing and not afterward. The primary tech-
nical advantage of outside debonding 1s that during cracking
of the matrix under service 1n oxidative environments, the
protective interphase coating will remain on top of the crack-
bridging fibers, thereby providing the fibers and composite
with longer life than the typical case in which debonding
occurs between the interphase coating and fiber (1nside deb-
onding). Other technical advantages, which can be seen on
composite stress-strain curves (such as those of FIG. 3),
include lower composite elastic modulus that reduces thermal
stresses developed 1n the composite during high temperature
service, and higher fracture strain that increases the compos-
ite toughness and damage tolerance.
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The first exemplary Embodiment A of the present invention
uses residual tensile stresses between the fiber and matrix,
plus the addition of a weak interfacial layer on top of the
interphase to cause outside debonding during composite pro-
cessing. The second exemplary Embodiment B incorporates
the addition of a special post-fabrication heat-treatment that
causes shrinkage of the interphase towards the fiber, so that
the resulting residual tensile stresses allow the interphase to
pull away or debond from the matrix. What 1s unique about
both of these approaches 1s that the interphase 1s already
debonded, 1.e., a microscopically small gap exists between
the coating and the matrix by the time the final composite 1s
fabricated. In other multi-layer interphase concepts using
debonding at an outer layer, 1t 1s expected that debonding will
occur only when a crack propagates through the matrix. This
typically occurs during application or testing of the already
produced composite, not prior to the finished product. In
comparison, the present mvention assures the debonding
location, while the other concepts must rely on various
uncontrollable factors to assure the interphase remains on the
fibers.

These two residual stress approaches have been demon-
strated 1n state-of-the-art S1C/S1C composites, which are tar-
geted for hot-section components 1 advanced gas turbine
engines. Typical process steps for these composites are as
follows:

(1) A thin, oxidation-stable BN interphase 1s deposited on

a complex array of near-stoichiometric SiC fibers by
chemical vapor infiltration (CV1) at temperatures below
1000° C. Some S1C fiber types like Hi-Nicalon are non-
storchiometric (C/S1>1) with maximum production tem-
peratures below 1400° C.; while others are near-sto-
ichiometric (C/S1 ~1), like Sylramic®, Sylramic-1BN,
and Hi-Nicalon Type S with maximum production tem-
peratures above 1600° C.

(2) A thin layer of S1C matrix 1s then CVI deposited near
1000° C. on top of the BN interphase. Typically the CVI
S1C 1s near-stoichiometric or silicon-rich 1n its bulk, but
can be made carbon-rich on 1ts surfaces.

(3) Remaining porosity (~30%) in the composite preform
(S1C fiber+CVI BN+CVI S1C) 1s then filled by S1C par-
ticulate infiltration at room temperature and finally by
melt mfiltration (MI) of silicon at temperatures near
1400° C. Other porosity filling approaches for the pre-
form are also possible, including complete CVI Si1C,
polymer-derived S1C, or complete MI of silicon with no
particulate.

It should be noted that whenever the above composite
fabrication steps are employed without the introduction of
this 1vention, the resulting S1C/S1C composites typically
display inside debonding as shown 1n FIG. 1.

For S1C/S1C composites to be more technically useful, 1t 1s
desirable that the fibers maintain the highest strength possible
and decouple from the matrix during the propagation of
matrix cracks. That 1s, high tensile strength and high damage
tolerance for the composites depend on the fact that the for-
mation of matrix cracks does not cause fiber failure, so that
when random matrix cracks occur, the full set of available
fibers can carry the entire composite structural load. Typi-
cally, fiber decoupling (or debonding) from the matrix occurs
between the fiber and the BN interphase, that 1s, inside deb-
onding (FIG. 1). However, as shown 1n FIG. 5, this leads to
poor e¢levated temperature behavior because the surfaces of
the fibers are exposed directly to the environment; 1n particu-
lar oxygen and water vapor from the engine environments. To
mimmize this problem, this innovation was developed and
demonstrated as described 1n the following.
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Embodiment A: Outside debonding during composite pro-
cessing due to residual tensile stresses between fiber and
matrix

Although the S1C fiber and CVI S1C matrix have very
similar thermal expansion, the free silicon in the matrix
porosity changes volume on cooling from the melt and has a
measurably lower thermal expansion than Si1C. Thus with
solid silicon 1n the porosity of the CVI S1C matrix, the net
expansion of the matrix 1s reduced below that of the fiber.
Upon cool down to room temperature, this expansion mis-
match as well as the volume change during silicon solidifica-
tion will cause residual tensile and shear stresses across the
matrix-BN and BN-fiber interfaces. Debonding at either of
these mterfaces will occur during cool down depending on
whether one of the interfaces 1s weak enough to fail. However,
if the strengths of these interfaces are too great, they then will
remain bonded.

In order to achieve outside debonding between the BN
interphase and the CVI S1C matrix, this innovation proposes
to tailor this interface in such a way so that it 1s weaker than
the BN-fiber interface and weak enough to debond during
composite cooling from molten Si infiltration temperature
(>1400° C.). One way to achieve this 1s by the presence of a
small amount of carbon either by the formation of an addi-
tional carbon layer on top of the BN interphase or by the
deposition of a carbon-rich S1C matrix at the beginming of
CVImatrix deposition. An example of this outside debonding
approach 1s shown in FIG. 2b. Thus the key aspects of
Embodiment A are (1) to provide a matrix with a lower
thermal expansion than the fiber, either by composition selec-
tion or by the addition of low expansion porosity fillers, and
(2) to provide a weak layer at the interphase-matrix interface
to allow outside debonding to occur during cool down from
the maximum process temperature for the composite.

Embodiment B: Outside debonding during composite pro-
cessing due to thermally induced densification and contrac-
tion of the interphase

BN interphase deposition typically occurs at a temperature
lower than the temperature typically employed for CVI S1C
matrix formation (~1000° C.), which 1n turn 1s lower than the
maximum production temperatures for some near-stoichio-
metric S1C fiber types (>1600° C.). Thus, by exposing the BN
interphase to CVI Si1C process temperatures and even higher,
significant shrinkage (sintering or densification) of the BN
will occur due to crystallization and grain growth of the BN,
but the microstructures of the near stoichiometric S1C fibers
will remain stable. When this happens, the BN typically
shrinks towards the fibers, thereby developing a tensile
residual stress between the BN coating and CVI S1C matrix.
Since the heat-treatment temperature controls the BN shrink-
age, this innovation proposes to use temperatures high
enough to create a sufficiently high tensile stress to cause
outside debonding at the BN/CVI S1C interface, but low
enough to retain the as-produced strength of the reinforcing
S1C fiber. This will then leave a gap between the BN and CV1]
S1C. An example of this 1s shown in FIG. 2¢ 1 which a
composite preform was heat-treated at 1700° C. which 1s well
above the maximum BN deposition temperature. It should be
noted that the Si1C fibers and CVI S1C matrnix are fully dense
and more thermally stable than the BN, and thus will not
shrink at all or as much as the BN. Thus the key aspects of this
approach are (1) to form a structurally un-stable interphase at
a given temperature on a highly stable fiber, (2) to form a
matrix such as CVI S1C on top of the interphase at a tempera-
ture lower than the maximum process temperature for the
fiber; and (3) to heat treat the interphase within the matrix to
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a sufficiently high temperature so that interphase densifica-
tion and shrinkage allows 1t to outside debond from the matrix
while the fiber retains its as-produced properties.

Both exemplary Embodiments A and B described here
have been applied to S1C fiber reinforced SiC matrix com-
posites. They 1 principle can also be applied to carbon and
S1,N,, fiber reinforced composites with BN interphase coat-
ings. This should enable enhanced oxidation protection for
these systems at intermediate temperatures (~3500° C. to

1000° C.).

Demonstration of Improved Composite Properties with
Invention

Improvement 1n S1C/S1C Composite Toughness and Damage
Tolerance

FIG. 3 compares the room-temperature stress-strain
behavior for inside debonding and outside debonding S1C/
S1C composites fabricated with the same fiber type and matrix
type for two different fiber types. Outside debonding com-
posites exhibit lower elastic moduli because the interphases
are already debonded. Also, the outside debonding compos-
ites exhibit higher strains to failure, greater fiber pull-out (see
FIG. 2), and thus better damage tolerance without losing
ultimate strength. For achieving high ultimate strength and

strain, any high-temperature S1C fiber type could be used for
Embodiment A; whereas near-stoichiometric S1C fiber types
are required for Embodiment B

Improvement 1n S1C/S1C Composite Oxidative Durability at
Intermediate Temperatures

FIG. 4 shows schematically the way that outside debond-
ing protects the S1C fibers from oxidizing and bonding
strongly to each other and the S1C matrix compared to inside
debonding composites. When a crack progresses through the
interphase and debonds at the fiber/BN interface (1inside deb-
onding), the BN oxidizes at the crack surface and along the
fiber length. This results 1n a layer o1 S10,-B,0; glass replac-
ing the BN interphase, which causes the fiber to be strongly
bonded to contacting fibers and the matrix and poor compos-
ite life under stress-rupture testing. For outside debonding
composites, the crack debonds at the already debonded BN
interphase/CVI S1C matnix interface. The BN oxidizes from

the outside and increases the time for oxygen to reach the
fibers.

FIG. § shows the improvement 1n stress-rupture life for two
different S1C/S1C composite systems tested at 815° C. 1n air.
For the best composite system with SYL-1BN Si1C fibers,
outside debonding composites enable 100 hour life at very
high stresses (>250 MPa). This 1s nearly an improvement of
two orders of magnitude 1n lifetime at a given stress. At lower
stresses there 1s still improvement; however, not as dramatic.
FIG. 6 confirms that the BN protects the fibers for a composite
that failed after ~100 hour rupture. For traditional inside
debonding composites, the BN would have been consumed
near the matrix crack and replaced with a glass layer.

While the above discussion has focused on certain inter-
phase materials between the fibers and matrix, the inventors
have examined many different types of interphase, fiber, and
matrix materials to show the eflicacy of the present invention.
Some of those constituent combinations and the employed

outside-debonding (OD) embodiment are 1llustrated 1n Table
1.
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TABLE 1
S1C Fiber Type Interphase OD Method Si1C Matrix
Sylramic BN A CVI S1C + S1C + Si
Sylramic-1BN
Hi-Nicalon Type S
Sylramic HT Si1-BN A CVI S1C + S1C + Si
Sylramic-1BN BN B CVI SiC
Sylramic-1BN BN/S13N, A, B CVI S1C + S1C + Si
Sylramic-1BN HT BN B CVI SiC + S

The commercial sources for the various constituent mate-
rials 1n Table 1 are as follows: Sylramic S1C fiber: Dow
Corning Corporation; Sylramic-1BN Si1C fiber: Sylramic fiber
with proprietary NASA treatment; Hi-Nicalon Type S SiC
fiber: Nippon Carbon, Japan; BN interphase: BN from Gen-
eral Electric Power Systems Composites (GEPSC); HT Si-
BN interphase: high-temperature Si-doped BN from Synte-
rials Inc.; BN/S1,N,, interphase: dual layer of BN and S1,N,,
from Synterials Inc.; HT BN interphase: high-temperature
BN from Syntenals Inc.; CVI S1C+S1C+S1 matrix: CVI Si1C
followed by slurry infiltrated S1C particles followed by mol-
ten S11nfiltration from GEPSC; CVI S1C matrix: full CVI SiC
from GEPSC; CVI SiC+S1 matrix: CVI S1C followed by
molten S1 infiltration from GEPSC and NASA.

Although the mvention has been described based upon
these preferred embodiments, it would be apparent to those
skilled 1n the art that certain modifications, variations, and
alternative constructions would be apparent, while remaining
within the spirit and scope of the invention. In order to deter-
mine the metes and bounds of the invention, therefore, refer-
ence should be made to the appended claims.

The invention claimed 1s:

1. A method of forming a ceramic matrix composite, the
method comprising the steps of:

selecting chemical compositions for non-oxide fibers, a
thin and mechanically weak imterphase maternal, and a
non-oxide or oxide matrix;

forming the non-oxide dimensionally-stable fibers into
complex architectures;

depositing the thin and mechanically weak interphase
material on the non-oxide fibers:

depositing the non-oxide or oxide matrix on the interphase
material;

processing the non-oxide fibers, the interphase materal,
and the non-oxide or oxide matrix such that, after a final
composite processing, debonding or mechanical decou-
pling 1s already achieved between the interphase mate-
rial and the non-oxide or oxide matrix,

wherein fiber debonding 1s 1nduced after matrix consoli-
dation via heat treatments of thermally mnduced stress
states that act on the fiber interphase on cool down.

2. The method as recited in claim 1, wherein the chemical
compositions of the non-oxide fibers, non-oxide or oxide
matrix, and an outer surface layer of the interphase or an inner
surface layer of the matrix are selected so that, during com-
posite processing, suilicient residual stress exists in the com-
posite to debond the interphase material from the matrix

while retaining a mechanical bond between the interphase
and fibers.

3. The method as recited in claim 1, wherein the processing,
step comprises subjecting the composite to a heat treatment at
a temperature that causes shrinkage of the interphase coating.

4. The method as recited 1n claim 3, wherein non-oxide
fiber types and matrix morphologies and compositions are
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selected to be microstructurally stable at temperatures above 7. The method as recited 1n claim 3, wherein the deposition

the interphase formation temperature. temperature for the interphase material 1s selected to produce
5. The method as recited in claim 3, wherein the non-oxide a dimensionally unstable interphase morphology that allows

fibers comprise thermally stable chemical compositions interphase shrinkage upon higher temperature exposure.

based on at least one of silicon carbide, silicon nitride, and 5 8. The method as recited 1n claim 3, wherein the deposition

carbon. conditions for the non-oxide or oxide matrix on top of the
6. The method as recited 1n claim 3, wherein the interphase interphase results in an mitially dense matrix layer.

material comprises chemical compositions that are non reac-
tive with the non-oxide fibers. * % % % ok



	Front Page
	Drawings
	Specification
	Claims

