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THERMALLY DURABLE GLASS-CERAMIC MATRIX COMPOSITES
1.0 Introduction And Objective

To enable the innovative design concepts required to achieve a variety of Integrated High
Performance Turbine Engine Technology (IHPTET) advanced propulsion goals, advanced
materials with proven performance in the harsh thermostructural environment of a gas turbine
engine will be required. Materials such as damage-tolerant, high specific strength ceramic
composites that could possibly operate uncooled are the key to achieving large increases in

propulsion system thrust-to-weight ratio, a measure of operational capability.

The emerging technology of ceramic matrix composites (CMCs) offers several potentially viable
materials alternatives to the structural designers of hot-section hardware for advanced
turbopropulsion systems. Many current candidates perform well under benign ambient
conditions. They are all lightweight, refractory, and generally provide non-catastrophic failure

modes leading to flaw- and notch-insensitive, strain-tolerant, and damage tolerant behavior.

However, the full promise of these materials has not yet been realized, since candidate CMCs
have lacked the degree of thermal durability necessary for use in the most aggressive
applications, that is, in very high temperature oxidative environments. The fundamental problem
with these materials is a lack of thermal durability caused by an interfacial environmental
instability known as oxidation embrittlement. This phenomenon results in the inability of any of
these materials to accumulate localized damage without failure in the in-service thermostructural
environment. Thus, oxidation embrittlement is universally accepted as the primary barrier to

CMC:s gaining design acceptance.

The major objective of this program was to develop material and process technologies suitable
for producing oxidation resistant glass-ceramic matrix composites for use in a 2000°F

thermostructural environment pertinent to IHPTET gas turbine engine applications. The aim was



to demonstrate novel structural composite materials with greatly enhanced oxidation

embrittlement resistance and overall thermal durability.

The thrust of this program was to attempt to develop CMCs that were thermally durable by two
approaches: (1) reducing the pathways of oxygen ingress to oxidatively unstable microstructural
elements, and (2) replacing oxidatively unstable portions of the microstructure with materials

that are inherently oxidation resistant.



2.0 Technical Approach

The weak fiber-matrix interface that is necessary for brittle matrix composites to exhibit good
strength and toughness is typically achieved by the presence of carbon or boron nitrite, either
applied as a fiber coating, or formed (for carbon) during high temperature processing when using

carbon-containing SiC fibers, such as Nicalon or Tyranno.

The oxidation embrittlement degradation mode in CMCs is a multi-step process, first involving
the accumulation of damage in the brittle matrix in the form of tensile microcracks. This is true
for most CMC:s, since the failure strain of ceramic matrices will typically be less than that of the
reinforcing fibers. The second step in the embrittlement process is the oxidation of the carbon
interface, followed by oxidation and other degradation of the SiC fibers. This weakens the fiber
and greatly increases interfacial bonding to a degree that the debonding and frictional sliding that
are necessary for pullout toughening do not occur. Instead, the matrix crack propagates directly
through the fiber and the composite becomes brittle, exhibiting both low strength and low failure
strain. This is a typical phenomenoldgical scenario of events constituting oxygen embrittlement

in ceramic matrix composites reinforced with SiC fibers.

The important point to recognize is that the solution to the oxidation embrittlement problem can
be approached by both reducing matrix damage accumulation during loading, as well as by

providing a sufficiently weak but oxidatively stable interface.

Two concepts for improving the thermal oxidative stability of glass-ceramic matrix composites
were identified, and were pursued on this program. Both damage accumulation as well as
oxidative stability were addressed. The first involved engineering the matrix of the composite by
hybridization (physical additives) as well as chemical doping to protect current carbon-based
interphases from oxidation. These in-situ-interface CMCs are known as BSG-doped composites
or BSG hybrids, where BSG refers to a borosilicate glass dopant. The second material studied

incorporates an inherently oxidation resistant sheet silicate (mica) interface to replace naturally



formed carbon (or BN fiber coatings, which are also oxidatively unstable). This CMC is referred

to as a sheet-silicate interface composite.

Glass-ceramic matrices are particularly attractive for achieving thermally durable CMCs since
they are fully dense (minimizing one avenue for environmental degradation), inherently
oxidation resistant, and are low elastic modulus, which results in the fibers carrying most of the
applied load. In addition, the thermal expansion of glass-ceramics is tailorable over a wide range
permitting matching to any particular fiber used. But most importantly, glass-ceramics are
accommodating to a wide range of chemical dopants and physical additives that can be used
advantageously to tailor composite microstructure in an attempt to improve material
performance. This attribute of glass-ceramics was investigated in the present program by the use
of glass-dopants and physical additives to produce CMC microstructures which exhibit increased
interfacial oxidative stability as well as reduced damage (i.e., matrix microcracking)

characteristics.



3.0 Program Scope

The technical effort was divided into three principle tasks: (1) Composite Development:
identifying, fabricating, and characterizing the constituent phases and optimizing the resultant
ceramic composites; (2) Composite Durability Assessment: investigating and identifying the
potential critical performance limiting phenomena associated with high temperature oxidative
stability of the composites; and (3) Composite Properties Assessment: generating a preliminary
materials property data base on selected ceramic matrix composites that are identified for
potential use in materials selection and subelement design evaluation studies for IHPTET

applications.

The work on BSG-doped CMCs and their matrix-toughened hybrids is described in Section 4.

The work on sheet-silicate interface CMCs is contained in Section 5.



4.0 BSG-Doped MAS Composites

With the knowledge that the basic oxidation embrittlement process in CMCs involves the
sequential microcacking of the matrix when under load, followed by rapid oxidation of the
carbon rich interface that is typically present when using fibers such as Nicalon, an improved
composite microstructure was envisioned that entailed modifications of a baseline Nicalon fiber

reinforced magnesium aluminosilicate (MAS) cordierite matrix.

Nicalon Si-C-O fibers were chosen as the reinforcement phase, since they were the most mature
commercial fiber available, and produced the in situ carbon interfacial layer. MAS cordierite
(2Mg0°2A1,0,°5Si0,) was chosen as the matrix since it exhibits 1250°C refractoriness and has a
thermal expansion (2.2x10°C") slightly lower than that of the fiber. The modifications planned
involved (a) SiC-whisker (SiC,) addition to the matrix to raise the composite elastic limit to
delay matrix microcracking, and (b) BSG addition to form glass matrix pockets to blunt matrix
cracks by plastic deformation. Therefore, the concepts investigated involved reducing damage
accumulation in the composite, and thus effectively managing the oxidation embrittlement
process to an extent that increased thermal durability could be demonstrated. It will be shown
that the actual role of the BSG phase was quite different than merely blunting matrix cracks, but

nevertheless resulted in significant improvement in overall composite thermal durability.

4.1 Composition And Process Optimization (Task 1)

The objective of Task 1 was to optimize the composition and process for BSG-doped MAS
CMCs. This was accomplished by conducting an initial screening evaluation/process window
study involving a variety of materials: (a) baseline Nicalon/MAS, (b) Nicalon/BSG-MAS, and
(¢) Nicalon/BSG-Doped SiC, -toughened MAS hybrid CMCs. A process window study was
conducted with the latter material, with BSG dopant level, SiC whisker level, and process
temperature each having a range of three values (i.e., 27 process conditions). Evaluation was
made using the following characterization parameters: density, X-ray diffraction (XRD) phase

identification, optical microscopy, transmission electron microscope (TEM) replica and thin foil



analysis, scanning Auger elemental analysis, short beam shear strength, transverse thermal
expansion, and room-and high-temperature fast fracture flexure strength and failure strain (all

conducted at Corning).

4.1.1 Processing

Nine basic compositional modifications consisted of three BSG dopant levels (2.5, 5, 7.5%) and
three SiC whisker levels (7.5, 10, 12.5%), selected based on previous work to be ranges within
which meaningful optimization could be conducted. Additionally, control composites were

investigated containing combinations involving no SiC whisker additive and no BSG dopant.

Batch constituents for the barium-stuffed cordierite (see below) and the dopant glass were co-
melted into a homogeneous glass, followed by quenching and ball-milling to the desired particle
size. SC-9 SiC whiskers from ACMC (Greer, SC) were blended with the matrix glass powder to
produce a whisker-glass mix containing 40 wt.% SiC. After diluting with the glass powder to
achieve the desired whisker content, Nicalon SiC fiber tows were impregnated with the whisker-
glass powder mixture using Corning’s standard slurry-dip, drum-wound prepreg process. Prepreg
tapes were stacked and consolidated by uniaxial hot pressing at three maximum temperatures
(1200°, 1250°, 1300°C) for each of the nine basic compositions. During hot-pressing, the
interfacial carbon layer is formed in situ (Nicalon being the source of carbon), the matrix is

densified, and the cordierite crystalline phase is developed.

Note that the basic glass-ceramic matrix employed (i.e., non BSG-doped) is a barium stuffed
cordierite. Barium addition accomplishes various things for MAS matrix composites. Ba is a
large cation that stabilizes the precursor glass to delay crystallization and promote sintering. Its
use thus enhances matrix consolidation prior to crystallization. Furthermore, processing
temperatures for in situ carbon layer formation and overall matrix consolidation are significantly
lower (which is desirable to minimize fiber degradation) than would be needed for stoichiometric

cordierite.



4.1.2 Microstructure
(a) MAS Cordierite Matrix:

The basic matrix under all process conditions is fully dense and high crystalline cordierite,
Mg,ALSi;O,,. Celsian (BaAlSi,O,) was found by XRD as a minor phase, and MgAl O, spinel
was a trace component of the phase assemblage. Figure 1 presents a TEM thin foil bright-field
image of the matrix microstructure. The cordierite is observed to consist of fine, equiaxed
grains, of nominal size 0.2-0.8 pum. No porosity is detectable in the microstructure. No residual
glass is observed in grain boundaries or at multi-grain junctions. Figure 1 shows the presence of
small, dark faceted precipitates at grain boundaries, as well as ~10 nm spherical features with
dark cores within the cordierite grains (i.e., intragranular). The spherical intragranular
precipitates are crystalline (bright-field/ dark-field contrast). The larger dark faceted precipitates
were determined by EDS (energy dispersive spectroscopy) to be depleted in Mg and enriched in

Ba, Nb, and Fe. Niobium is from the NbyOs nucleation aid, and iron is a contaminant. These

crystalline precipitates are thought to be NbC or barium niobate.

Hybrid versions of the MAS matrix contain addition of SiC whiskers for toughening. Their
microstructlire is shown in the TEM thin foil micrograph provided in Figure 2. The
characteristic stacking faults in the SiC, phase are clearly seen. Dark faceted Nb- and Ba-rich
precipitate also segregate to whisker-cordierite boundaries. Note that the whisker-matrix
interface is quite sharp and distinct. This is seen more clearly in the higher magnification
micrograph shown in Figure 3. There is no detectable glass phase present at the SiC-MAS
boundary or any evidence of reaction at the whisker-matrix interface. This indicates that the SiC
whiskers are very compatible with the Ba stuffed cordierite matrix. This will be more definitely

demonstrated later in the program in CMCs thermally exposed for greater than 5000 hours.
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FIGURE 1. BRIGHTFIELD TEM THIN FOIL IMAGE OF MATRIX
MICROSTRUCTURE IN (0/0) Nicalon/Ba-MAS
CORDIERITE COMPOSITE



FIGURE 2. TEM THIN FOIL VIEW OF SiC _-TOUGHENED
MATRIX IN A 2.5% BSG/10% SiC, MAS HYBRID
COMPOSITE '
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FIGURE 3. TEM VIEW OF WHISKER-MATRIX INTERFACE IN
2.5% BSG/10% SiC, MAS CORDIERITE HYBRID
COMPOSITE
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(b) BSG-doped MAS Matrices

The large scale microstructure of BSG-doped MAS CMCs was determined by TEM replica
examination of polished and etched (hot hydroxide) composites containing varying amount of
BSG matrix dopant. The results for a 2.5% BSG MAS (also containing 7.5% SiC whiskers) are
shown in Figure 4. In this TEM replica, the easily etched borosilicate glass phase appears in
positive relief. The BSG phase is observed to exist in isolated pockets in the microstructure.
The size of the glass pockets is roughly 1-3 pm, varies in direct proportion to BSG dopant level,
and is relatively uniformly distributed as a discrete phase. Electron diffraction showed the BSG
phase to be amorphous. No BSG or other amorphous phases were found in any intergranular
locations, even with STM (scanning tunneling microscopy) profiling. Some BSG was found to
intersect fiber surfaces. The extent of this is not known. Microstructural studies on thermally

exposed CMCs to be presented later would seem to indicate that it is quite prevalent, however.

The grain size and phase assemblage of the MAS cordierite matrix is not affected by BSG
doping. The cordierite grain size remains fine (0.5-0.8 pm), and the overall microstructure is

highly crystalline and fully dense.

(c) Interface Chemistry and Structure

Baseline Nicalon/MAS CMCs:

Figure 5 illustrates the elemental depth profiles for a non-BSG containing composite,
Nicalon/Ba-MAS cordierite processed at 1250°C. These scanning Auger results were obtained
with a PHI 670 Nanoprobe, at Physical Electronics, Eden Prairie, MN. Transverse fracture
surfaces with exposed fibers and matrix troughs were examined. The interface of non-BSG Ba-
MAS composites is seen to consist of a highly pure (~95 at.%) well-developed intrinsic carbon
layer, typically 50-80 nm thick [for reference, lithium aluminosilicate (LAS) and calcium
aluminosilicate (CAS) matrix composites, processed at somewhat higher temperatures (typically

1300°-1350°C), have intrinsic carbon layers of ~30-100 nm and ~30-50 nm, respectively].
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Fracture for Ba-MAS composites is on the matrix side of the carbon layer. Matrix barium
diffuses into the fiber. It is believed that this facilitates the formation of the intrinsic carbon
interface at such a low processing temperature as 1250°C. Figure 6 shows a TEM bright-field
view of the interfacial region in Nicalon/Ba-MAS cordierite. Note the ~50 nm thick highly
crystalline fiber surface adjacent to the pure carbon interface (dark-field imaging of SiC
crystallites). This surface structure of the Nicalon reinforcing fiber has been observed in other

glass-ceramic matrix composites.

Thus, baseline Nicalon/MAS has a pure carbon interface similar in composition and thickness to
that of other conventional glass-ceramic matrix composites, such as those employing LAS and
CAS matrices. All of these conventional composites embrittle in oxidizing environments at high

temperatures (as will be demonstrated in subsequent sections of this report).

Nicalon/BSG-doped MAS CMCs:

The most interesting aspect of the microstructure of BSG-doped MAS matrix CMCs is the
structure and chemistry of the fiber—matrix interface. Figure 7 presents scanning Auger
elemental depth profiles of interfacial regions in BSG-doped Ba-MAS matrix composites with
7.5% BSG dopant. Comparison is made to the non-BSG doped baseline CMCs, which were also
processed at 1250°C, shown in Figure 5. It is observed that in BSG-doped composyites the in situ
carbon layer is not pure. It is highly modified chemically, as well as being thinner and less

structured in general.

These effects were found to be strongest for the highest BSG dopant level. The interface in the
BSG hybrids studied is only ~75-85 at. % carbon, and contains substantial amounts of oxygen
and boron that have diffused from the matrix, as well as nitrogen that has diffused from the fiber.
Barium, and in some cases aluminum, have diffused into the fiber, indicating some association.
Boron, nitrogen, and oxygen are the predominant dopants of the interface. The profiles for boron
appear to track with the nitrogen profiles into the fiber, indicating some association. There

appears to be relatively little silicon in the interface. Composite fracture occurs between the
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matrix and the interface, which was also the case for baseline Nicalon/MAS (and generally

observed for other Nicalon-reinforced CMCs).

Figure 8 presents a series of TEM thin foil micrographs that show the pronounced changes in
interface thickness and structure with increasing BSG content. The interfacial thickness of the
baseline (undoped) composite is ~70 nm, and the outer 50 nm of Nicalon is highly crystallized.
In the BSG hybrid doped with 5% BSG, the interface thickness decreases to ~40 nm, and less of
the outer fiber is crystalline, ~30 nm. At the highest dopant level, 7.5% BSG, Figure 8 shows the
presence of a very thin, ~20 nm interface exhibiting the least amount of structure. For this highly
doped composite, the fiber structure radially inward appears more uniform, with no apparent
crystalline outer layer. The Auger depth profiles of Figures 5 and 7 illustrate that diffusion of
matrix cations into the fiber increase substantially as the matrix BSG content is increased from

zero to 7.5%. This appears to have a pronounced effect on the structure of the fiber surface.

It is interesting to note in Figure 8 that extremely thin modified carbon interfaces are produced
with heavy BSG doping. In fact, one would not ordinarily expect the interface shown in Figure 8
for the 7.5% BSG/10% SiCy, hybrid to be mechanically functional (i.e., to possess a sufficiently
low fracture energy to result in strong/tough composite behavior). However, it will be shown
later that the composite room temperature strength and toughness actually increase with BSG-
dopant level. One possible contributing factor, considering the aforementioned diffusion of
cations (e.g., B, Al, Ba) into the fiber (Auger results, Figures 5, 7), and the decrease in
crystallinity of the Nicalon fiber surface (TEM results, Figure 8), is that the intrinsic strength and
toughness of the Nicalon fiber may be better-preserved during CMC processing for higher BSG
dopant levels. This aspect of the structure of BSG hybrids seems plausible. A highly crystalline
fiber surface would be quite notch sensitive (the notches would already be present as grain
boundaries). The monolithic SiC literature indicates that Al and B in particular have a
significant effect on grain growth of silicon carbide. It seems reasonable to expect that the
diffusion of such cations into the Nicalcon fiber surface would have an effect on the growth of
the SiC microcrystallites that comprise the Nicalon fine scale structure. Preventing such grain

growth would decrease process related fiber degradation for Nicalon reinforced composites. This
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may be one of the reasons that BSG-doped MAS hybrids will be demonstrated on this program
to have such high strength (as high as 220 ksi in flexure at 25°C) and improved thermal
durability.

It thus appears that boron diffusing to the Nicalon fiber has two effects: (1) limiting the

formation of the in situ carbon layer, and (2) minimizing fiber crystallization.

The minimization of Nicalon fiber damage notwithstanding, the primary determinant of the
resistance to oxidation embrittlement for BSG hybrids (that will be demonstrated below) is the
boron modified carbon interface. The portion of the interface that is not carbon will be shown to
be responsible for increased thermal durability achieved for BSG-doped composites. Note that
the carbon is present, however, in sufficient quantity to result in CMCs with excellent strength
and toughness. The presence of the boron containing phase at the interface ensures that such
desirable mechanical behavior is maintained at elevated temperature as well. A potential
contributing factor is enhanced crack tip plasticity via BSG doping which lessens the severity of

matrix microcracking.

Oxidative stability in BSG-doped CMCs must be achieved without attendant loss of
refractoriness, and therefore the specific nature of the boron bonding state in the interface is of
importance. This was studied with the aid of XPS (X-ray photoelectron spectroscopy, also
known as ESCA, electron spectroscopy for chemical analysis) examination of the chemical
bonding on the surface of intact fibers bridging a matrix tensile crack. Recall that the fracture is
matrix-side of the interface, so bridging fibers will have the intac-t interface on their surfaces.
Using XPS/ESCA, the kinetic energy spectrum of surface-emitted electrons will have
characteristics associated with their original bonding state. Energy peaks are compared with
standards (e.g. for BoO3 and BN) to aid in identification. The results of such analysis of BSG-
doped MAS composites is shown in Figure 9. It was found that nitrogen at the interface was
bonded entirely to boron. About half the boron atoms are bonded to nitrogen, with the remainder
oxygen-bonded. Very little silicon was found at the interface; the oxygen present was bonded to

boron. This information indicates that the portion of the interface that is not carbon is BN and
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B,03. A complex nitrogen-containing borosilicate is not likely, since little or no silicon is
present. Such boron containing compounds are known to improve the oxidation resistance of
carbon/graphite. Their affect on the thermal durability of BSG hybrid composites will be
demonstrated below.

(d) Summary of Microstructural Observations

It is therefore demonstrated that BSG-doped MAS matrix composites have unique interfacial
chemistry. The BSG forms as isolated phase-separated regions in the matrix, and provides a
source of boron, which diffuses to the interface during composite hot consolidation. This greatly
affects the formation of the in situ carbon rich interface (the carbon being an inevitable
consequence of using Nicalon fibers). The resultant interface is thin (thinner than for non-BSG-
doped CMCs) and contains boron in the form of B,O, and BN. Additionally, there is growing
evidence of a BSG glass phase matrix side of the interface. This was not observed in initial
microstructural examination, but became' more prevalent as thermally exposed samples were

evaluated as will be discussed in later sections of this report.
4.1.3 Mechanical Behavior (screening)

The objective of Task 1 screening level mechanical behavioral studies was to (a) characterize the
effect of constituent phases, and (b) to optimize the ceramic composite composition and
processing conditions. The emphasis was on demonstrating that increased thermal durability
could be achieved by BSG-doping and/or SiC whisker matrix additions, and to downselect to the

best one or two composites to be more comprehensively studied in Task 2.

Flexure testing was employed (at Corning) to conveniently provide screening data. Testing was
performed in a universal test machine in the 4-point configuration, with a span-to-depth ratio of
~30, which is typical of that used in the ceramic composites community to minimize premature
shear failures. The elastic beam theory equations were used to calculate the outer fiber tensile
stress, commonly called the flexural strength. Strain was estimated by assuming that all

crosshead displacement was translated to specimen deflection. Elastic beam theory equations

22



were used to relate beam deflection to outer fiber tensile strain. In this manner, flexural stress-

strain behavior was calculated from load-deflection data.

For more meaningful testing, particularly in assessing the extent of the elastic region of behavior,
and the relative influence of BSG-doping vs. SiC-whisker matrix toughening, tensile testing (at

25°C) was performed (at Corning) using Instron hydraulic grips and resistance strain gages.

The results for both zero-condition control compositions as well as a range of BSG-doped, SiC-
whisker toughened, MAS cordierite matrix composite compositions is described in the following

sections.

4.1.3.1 Composite Baseline and Control Compositions

Various mechanical property tests were performed on control composite compositions, where
one of the constituent phases was eliminated and the other maximized. The objective was to
demonstrate the individual effect of BSG-doping and SiCy, toughening, compared to the baseline
MAS cordierite composite and a CAS anorthite composite, both containing neither additive.
These investigations provide insight into the matrix cracking/damage accumulation process in
BSG-doped and hybrid (whisker-toughened) composites, as well as their interfacial oxidative
stability. Matrix cracking and interfacial oxidative stability combine to determine the overall

thermal durability of a ceramic matrix composite.

(a) Matrix Microcracking and Composite Elastic Limit:

Role of BSG-dopant and SiC-whisker Phases

Damage development in the form of matrix microcracking and interfacial oxidation are separate
but sequential events that lead to strength and toughness degradation in CMCs subjected to the
thermostructural environment. These phenomena are commonly referred to as oxidation

embrittlement. The role of matrix microcracking on oxidation embrittlement is well documented
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in the literature, in particular the existence of performance limiting damage below the composite

elastic limit, i.e., subelastic limit matrix microcracking.

One of the key intended mechanisms of increasing CMC thermal durability through the BSG
hybrid approach is to raise the composite elastic limit; that is, to delay matrix cracking to higher
levels of composite strain. This is expected to be accomplished by toughening the matrix, raising
the matrix phase fracture energy. This is the route to such improvement as predicted by the
original ACK theory of matrix strain enhancement!, or by one of the more recent fracture
mechanics based theories. The ACK theory conveniently describes matrix cracking in
frictionally-bonded brittle matrix composites in terms of fiber, matrix, and interface constituent
properties. The matrix cracking strain (which would define the CMC elastic limit), is given by

the relation:

24ty Ev; 1/3

]
I

EE, 0, (1-v)

where,

T = interfacial shear strength
¥m = matrix fracture energy
Ec,Em = composite and matrix elastic moduli
E¢,¢f = fiber modulus and diameter
vf = volume fraction fiber

For BSG hybrid composites, our original intention was to increase the matrix fracture energy by
the addition of a SiC whisker phase to the MAS cordierite matrix. Gadkaree? and Gadkaree and
Chyung3 have demonstrated that glass-ceramics such as MAS cordierite are toughened
substantially by the addition of SiC whiskers, as shown in Figure 10. For the fiber-reinforced
BSG hybrid CMCs investigated, it was anticipated that such matrix toughening would increase
the composite elastic limit, and possibly eliminate subelastic limit cracking (if it is as prevalent
in MAS matrix composites as it is in CAS composites). A marked improvement in overall

thermal durability would be expected to result. Therefore, room temperature tensile stress-strain
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behavior was measured for a series of (0°) unidirectional baseline and control composites. The

objective was to demonstrate the individual effect of BSG-doping and SiCy, toughening,

compared to the baseline MAS cordierite composites and a CAS anorthite composite containing

neither additive.

Figure 11 presents the tensile stress-strain curves for MAS and CAS baseline composites with in
situ carbon interfaces. The MAS matrix thermal expansion (~2.2x10-6C-1) is substantially less
than that of the SiC fiber (~4.1x10'6C'1). Therefore, the MAS matrix has a compressive residual
stress axially. The CAS matrix thermal expansion (~5.1x10-6C-1) is slightly higher than that of
the fiber. Thus, CAS is in axial tension. This most probably contributes to subelastic limit
microcracking. However, Figure 11 illustrates that the tensile stress-strain curves are
qualitatively similar for the two materials (although the MAS composite has less of a damage
accumulation plateau than the CAS composite). This tends to indicate that the difference in
matrix expansion for these two composites is not expected to be a major behavioral factor, at
least in comparison to the primary influence of BSG and SiC whisker additives (as will be shown
below). Both baseline CAS and MAS composites exhibited the substantial amount of fiber

pullout that is associated with good composite toughness.

Tensile stress-strain curves are presented in Figure 12 for control composites containing only
BSG dopant (7.5/0) or only SiCy, additives (0/10), in comparison to the baseline Nicalon/MAS
composite (0/0). It is apparent that both the elastic limit stress as well as the elastic limit strain
are greatly improved at room temperature by either adding just SiC whiskers to the matrix, or by
adding just BSG to the matrix. Note that a ~2X increase in elastic limit is accomplished by
either matrix additive. Both BSG doping and SiC whisker matrix toughening significantly alter
the manner in which damage accumulates in the composite matrix. The fracture surface of the
BSG-doped (7.5/0) composite generally exhibited less fiber pullout than the baseline MAS
CMC. Good crack bridging and fiber pullout was observed for the SiCy, whisker matrix-

toughened CMC, as well.
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Two distinctly different mechanisms of increasing the elastic limit appear to be operable in these

composites. The results for the (0/10) material (no BSG/10% SiCy,) shown in Figure 12

demonstrate that increasing the matrix fracture energy (Yp,) by whisker toughening increases the
composite elastic limit as predicted by Equation 1. The results for the 7.5/0 material (7.5%
BSG/no SiCy,) demonstrate that the composite elastic limit can be increased to an equivalent or
greater extent at RT by BSG doping the matrix. Recalling that TEM and SAM (Scanning Auger
microprobe) microscopy indicated that BSG doping modifies the fiber-matrix interface to a great
extent, consideration of Equation 1 leads to the conclusion that BSG doping increases the
interfacial shear resistance (T,). This seems plausible, knowing that the interface in BSG hybrids
is thinner, and is not pure carbon, but also contains BN+B2O3 as discussed in section 4.1.2
above. Stronger interfacial bonding due to higher interfacial shear resistance would be expected.

Such increase in T, would increase the composite elastic limit as predicted by Equation 1.

(b) Effect of BSG-Doping and SiCy-Toughening at Elevated Temperatures

The high temperature behavior of control compositions (either SiCy, or BSG added singly) and

baseline CMCs (CAS and MAS with neither additive) was determined by flexure testing in air

atmosphere.

The composite elastic limit, as measured by the first deviation from linearity on a flexural stress-
strain curve, is plotted as a function of temperature for the baseline and control composites in
Figures 13 and 14 (elastic limit stress and strain, respectively). It is noted that BSG doping
appears to have the stronger influence on elastic limit at 25°C. However, the benefits of both
BSG doping and SiCy matrix toughening are apparently lost at elevated temperature. The low
proportional limits at high temperature, however, are most probably due to increased
deformation in the (matrix-dominated) flexure test, and not to a matrix tensile microcracking
event that would adversely affect thermal durability. This is possibly an indication that the
benefits of SiC whisker hybridization and BSG-doping would be more effective at elevated

temperature with a matrix more refractory than MAS cordierite.
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The ultimate properties (i.e., flexure strength and strain at ultimate load) for the baseline and
control CMC compositions are shown in Figures 15 and 16, respectively. The BSG dopant has
the most pronounced affect on mechanical behavior as seen for both strength and ultimate strain.
Up to and including 1100°C (2000°F) the 7.5% BSG-dopant results in composites with vastly
improved strength and ultimate strain as shown in Figures 15 and 16. Comparing the 25°C and
1100°C fracture surfaces for these CMCs [i.e., the (0/0), (0/10) and (7.5/0) materials shown in
Figures 17-19, respectively] reveals that the reason for this is that the (0/0) and the (0/10)
composites severely embrittled at 1100°C, whereas the (7.5/0) CMC did not. Figure 19b
illustrates that the (7.5/0) composite failed mainly by extensive shearing. Note in Figure 19b that
the shear/delamination failure mode was accompanied by noticeable permanent deformation.
The flexure test is matrix dominated and this result indicates refractory limitations of the BSG-
doping approach to achieving CMC thermal durability. The (7.5/0) composite has good strength
and failure strain at 1100°C due to the increased resistance to embrittlement that BSG-doping
provides. At 1250°C this material does not exhibit such high values of strength because of loss
of refractoriness. The large failure strain, massive shear and interlaminar failure, and permanent
deformation occurring at a relatively low stress so indicate. Any comparative increases in
refractoriﬁess for the non-BSG doped CMCs (i.e., (0/0), (0/10)) cannot be tested and observed

due to their premature brittle failures.
(c) Summary of Baseline/Control Compositions

Testing of control CMC compositions, where one or both of the BSG and SiCy composition

variables was set at zero, indicated that the BSG dopant was dominant and controlled the
mechanical performance of the CMCs. BSG-doping results in more superior thermal durability

than obtained for conventional CMCs.

With respect to matrix microcracking and the damage accumulation process, both BSG-doping
and SiC whisker toughening were shown to raise the composite elastic limit at 25°C by

inhibiting matrix cracking. BSG-doping has the stronger influence, and appears to affect o, the

interfacial shear resistance, which is related to the interfacial toughness and its control of
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debonding and frictional sliding at the interface. SiC-whisker toughening of the CMC matrix is

less effective in raising the composite elastic limit.

However, neither additive was shown to be effectual in increasing the composite elastic limit at

high temperature. It is speculated that a more refractory matrix and higher SiC,, additive levels

would be more successful in inhibiting high temperature matrix cracking in these CMCs, if they

could be successfully fabricated (i.e., consolidated to full density).

The BSG dopant had a profound effect in reducing oxidation embrittlement by creating a more
oxidatively stable/mechanically functional interface. The BSG-modified carbon interface is
responsible for the increased thermal durability exhibited by BSG hybrids. However, there is a
refractoriness loss associated with the use of the BSG-dopant. Thus a trade-off exists between

embrittlement resistance and refractoriness.

These results for baseline and control CMCs provide insight into the interpretation of the
mechanical behavior of BSG Hybrid CMCs, where BSG doping and SiC whisker matrix
toughening are employed simultaneously. These materials are discussed in the following

section.

4.1.3.2 BSG-doped MAS-SiCy, Hybrid CMCs

A variety of screening-level room and high temperature tests were conducted on a wide range of
BSG Hybrid compositions containing both BSG doping as well as SiC-whisker matrix

toughening. The full compliment of variables consisted of three SiCy, levels, three BSG levels,

and three hot-press temperatures. Various aspects of the mechanical performance of BSG
hybrids were studied, including: (a) matrix microcracking and the composite elastic limit, (b) the
effects of SiCy and BSG on composite ultimate properties, and (c) various aspects of the

refractoriness of BSG hybrid CMCs.
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(a) Process-Window Study

Hot consolidation was accomplished by hot-pressing at 1200°, 1250°, and 1300°C. All
composites fabricated were fully dense and of the desired matrix phase assemblage (highly
crystalline cordierite) as described in Section 4.1.2. Optical microscopy revealed that the

microstructure of all processed CMCs was uniform.

There were no clearly apparent major trends in the room temperature flexure results: all hot-
press conditions resulted in good composites, with ultimate strengths ranging from 100-180 ksi,
and ultimate strains ranging from 0.5 to 1.2%. The elastic limit varied from roughly 50-80 ksi,
0.22-0.4% strain. High whisker loading tended to give the lowest ultimate failure strains, but not
always the highest elastic limit properties. High BSG loading tended to yield the best composite
properties. The results were similar for all process temperatures, thereby demonstrating the wide

process window for BSG hybrids.
(b) Thermal Durability/High Temperature Behavior

It was discussed above that BSG doping as well as SiC-whisker matrix toughening was effective
in raising the composite elastic limit, with BSG-doping apparently being dominant. The control
of the composite elastic limit is important since it is typically defined by a matrix microcracking
event that leads to embrittlement at high temperature in oxidizing environment. The existence of
subelastic limit cracking makes the use of CMCs more problematic since only a very small
portion of a CMC’s stress-strain behavior will be usable under in-service conditions. Hence, our

interest in damage accumulation phenomena on this program.

To illustrate the benefit of combining BSG-doping with SiCy, matrix toughening , consider the
stress-strain behavior of various composite compositions. The 25°C tensile stress-strain behavior
for BSG hybrid, control, and baseline composites is provided in Figure 20. It is evident that both
BSG doping as well as SiC-whisker toughening alter the manner in which damage in the form of

matrix microcracking accumulates in the composite. The elastic region of the BSG hybrid (5/10)
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composite is seen to extend to a stress/strain level twice that of the baseline composite. Such
damage accumulation phenomena are thought to be directly related to thermal durability, since
the BSG-MAS hybrid accumulates damage in the form of tensile microcracks much differently
than the baseline CMC. Figure 20 indicates that the hybrid either (1) does not microcrack
appreciably prior to ultimate failure, or (2) does not experience extensive pullout and crack
extension after micro-cracking. The BSG-MAS hybrid fails at nominally the same stress as the
nonhybrid, since the ultimate stress is determined by fiber fracture in both materials. However,
the hybrid fails at a much lower total strain. The net result of BSG-doping and SiCy
hybridization is apparently the more gradual development of damage and more elastic behavior

to failure.

Since improving the thermal durability of CMCs by (a) altering the manner in which damage
accumulates in the matrix, and (b) providing an oxidatively stable yet mechanically functional
interface, is the objective and thrust of this program, extensive testing of candidate compositions
was then performed at elevated temperature. Unidirectional (0°) composites were investigated in
Task I, since embrittlement effects are most apparent in that ply orientation. Evaluation was
conducted in flexure, with testing performed at Corning. While not ideal for CMCs, this method
was an efficient way to judge the 27 CMCs (3 BSG x 3 SiCy x 3 H-PT) at room and several
elevated temperatures in Task I. The major areas investigated at high temperature were (a)
elastic limit properties, (b) effects of SiC-whisker matrix toughening, and (c) effects of
temperature on strength, ultimate strain, and fracture mode, and in particular, (d) the role of the

BSG dopant on oxidative stability.
Elastic Properties:
It was shown above that taken individually, both BSG-doping and SiCy, matrix additives were

ineffectual in increasing the composite proportional limit at elevated temperatures, at least over

the ranges of additive content investigated (i.e., 2.5-7.5% BSG; 7.5-12.5% SiCy,). Since it was

also shown above that there is an apparent room temperature performance benefit to combining
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these two mechanisms, it was of interest to determine if this extended to high temperatures as

well.

The result of simultaneous whisker hybridization and BSG doping on composite elastic limit
stress and strain is shown in Figures 21 and 22, where the flexural elastic limit properties for the
5%BSG/10% SiCy, BSG hybrid are plotted as a function of temperature, in comparison to the
baseline in situ carbon interface Nicalon/MAS material. There appears to be a synergistic effect
of combining BSG doping with SiCy, toughening at high temperature. This is observed in
Figures 21 and 22, in comparison to the high temperature behavior shown in Figures 13 and 14,

where the matrix additives were incorporated individually. When both BSG and SiCy, additives

are present, the composite elastic limit properties appear to be improved to 1100°C (2000°F).

Ultimate Properties:

The majority of the remaining screening study entailed a high temperature investigation of a
wide range of BSG dopant levels in an attempt to determine the optimum BSG content that will
provide both enhanced oxidation embrittlement resistance and minimally reduced refractoriness

in BSG hybrid CMCs, i.e., those that also contain the matrix-toughened SiC-whisker addition..

The ultimate strength and failure strain versus temperature for 7.5% SiC_-containing CMCs with
BSG-doping level varying from 2.5% to 7.5% are shown in Figures 23 and 24. The effect of
BSG dopent level is illustrated.

The variation of flexure strength with temperature (Figure 23) for the highly doped 7.5/7.5
hybrid follows the same trends as observed in other glass-ceramic matrix composites. Namely, a
double inflection that is phenomenologically described by four regions of behavior: (1) an initial
low temperature region of temperature independence (not investigated on this program), (2)
property decrease at intermediate temperatures, followed by (3) strength increase at higher
temperature caused by plasticity, crack blunting, and stress redistribution in the deforming

flexure bar, and (4) precipitous strength decrease at the highest test temperatures where the
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matrix loses load bearing capaéity. The major cause of this type of flexure behavior is thought to
be loss of refractoriness of the composite matrix. Therefore, a dopant level of 7.5% BSG is too
high. The data of Figure 23 show that the 2.5% and 5% BSG doped hybrids do not exhibit such
a double inflection in strength as a function of temperature, and in fact only decrease slightly in
strength throughout the 25°-1250°C temperature range. The implications are that the BSG level
is (1) high enough to provide for significant oxidation embrittlement resistance, and (2) low
enough to have only minimal influence on matrix load bearing capability up to 1250°C (2300°F).
At intermediate temperature, 1100°C, the failure strain date provided in Figure 24 indicate a
pronounced direct benefit of BSG-doping with failure strain increasing from 0.6 to > 1% as the
BSG level is increased from 2.5% to 7.5%. It is concluded that at 1100°C (2000°F) the
mechanical behavior appears to be controlled by the enhanced embrittlement resistance provided
by the BSG dopant, and not adversely affected to any great extent by the resultant loss of
refractoriness that BSG use promotes. Therefore a dopant level of 5% BSG would appear to be

optional.

SiC-whisker additions to the glass-ceramic matrix have not been shown on this program to be a

major determinant of high temperature composite behavior. This is evident in the ultimate

flexure strength and failure strain of whisker-toughened 5% BSG-doped CMCs shown in Figures
25-26. Similar mechanical behavior is observed for all SiCy, levels tested. However, there are
other potential benefits of the use of SiC-whisker additions to the glass-ceramic matrix. Other
materials properties would be expected to be altered significantly by their use; for instance: (a)
higher thermal conductivity for reduced thermal stress, (b) increased erosion and abrasion
resistance, (c) increased hardness for impact resistance, (d) possible increases in composite off-
axis properties and interlaminar properties, and (e) to provide more structural and electrical
tailorability in the composite structure. Investigation of these aspects of material performance,
however, were beyond the scope of this program. However, the potential of significantly
improving such properties as these illustrates the compositional flexibility of the glass-ceramic
matrix approach. The component designer therefore has more flexibility in choice of materials

for application-specific designs.
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4.1.3.3 Summary of Screenihg Studies

BSG-doped MAS hybrid composites derive their demonstrated improved thermal durability from
(1) delayed microcracking of the cordierite matrix, and (2) the existence of an oxidation
resistant/mechanically functional interface that is formed in situ during CMC processing. BSG
(borosilicate glass) doping of the barium-stuffed cordierite matrix results in (a) the formation of
isolated pockets of BSG within the fine-grained cordierite microstructure, rather than being
located in grain boundaries or in multigrain junctions, and (b) the diffusion of boron to the
interface, which combines with oxygen and nitrogen (from the fiber) to form an oxidation
resistant carbon layer apparently containing detectable BN and B2O3. The highly boron-
modified carbon-rich interface exhibits the oxidation resistance of boron-inhibited carbon,
without losing the mechanical functionality of a carbon interface. The SiC-whisker matrix
additive is chemically compatible with the MAS matrix. However, the BSG additions to the
matrix are primarily responsible for improved thermal durability through thermochemical and

structural modification of the interfacial carbonaceous layer.

The ultimate flexural strength and the strain at ultimate load of various BSG hybrid CMCs are
compared to baseline MAS cordierite and CAS anorthite CMCs in Figures 27 and 28,
respectively. The ability of the BSG-doped hybrids to maintain mechanical integrity to high
temperatures is evident. This is especially evident when comparing the apparent work of fracture
(WOF) for the various materials, as provided in Figure 29. The WOF as used herein is
calculated from the area under the flexural load-deflection curve, and therefore represents a

combined measure of strength and toughness as a function of test temperature.

Note in Figures 27-29 that there is a distinct loss of CMC refractoriness at the highest BSG levels
(7.5%). Shear-dominated failure became more prevalent at high temperature as the BSG content
increased. Loss of matrix shear strength is suspected. Therefore, the benefits in thermal

durability resulting from BSG-doping are offset by loss of usable high temperature strength.
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4.2 Thermal Durability Assessment (Task 2)

The objective of Task 2 activities was to investigate and identify the potential critical
performance limiting phenomena associated with the high temperature oxidative stability of the
composites developed in Task 1. The aim was to downselect to the two (2) most promising

CMCs, for which a mechanical properties database could be subsequently obtained in Task 3.

The majority of the testing performed in Task 2 was conducted at Pratt & Whitney (East
Hartford, CT). This permitted the testing to shift from flexure to high temperature tension and
tensile stress rupture, more fundamental mechanical properties that would lead to a mechanistic
understanding of thermal durability issues. This approach also resulted in an interpretation of
observed behavior from a user’s perspective. This aspect of the program was critical. Material
performance was judged with respect to anticipated design requirements, and material’s could be
judged comparatively with others being developed by the CMC community. It is important to
have the potential user involved early in the development of materials such as ceramic
composites, which have complex microstructures and which are intended to be used in a complex
thermostructural application. This approach can greatly facilitate the development of advanced

materials.

4.2.1 Optimized BSG Dopant Level/Downselect Process

Task 1 work described above demonstrated that BSG-doping was the dominant factor in
achieving thermal durability-high strength and high failure strain at elevated temperature. No
specific benefit of SiC_ matrix toughening was identified in Task 1. Therefore, CMCs with only
BSG-doping and no SiC, additions were studied at the onset of Task 2. The 7.5% BSG dopant
level was eliminated since Task 1 work showed that it resulted in significant matrix deformation
and refractoriness loss at 1250°C (2300°F). Alternatively, a lower BSG content, 1.25% was
examined along with 2.5% and 5% BSG-doped MAS composites. The aim was to determine the

optimum BSG level to achieve adequate thermal durability as well as adequate refractoriness.
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To determine the optimum BSG-dopant level, cross-ply [0°/90°] composites were tested in fast-
fracture tension at 2000°F. Tensile strength and tensile failure strain are plotted as a function of
BSG content in Figures 30 and 31, respectively. It is observed that both properties increase
substantially as the BSG dopant level is increased from zero to 5%. The 5% BSG level appears
optimum, providing for CMCs with the greatest thermal durability. This is illustrated clearly in
the 2000°F tensile stress-strain behavior shown in Figure 32. The appearance of the fracture
surface is consistent with this. The fibrous nature of the 2000°F fracture for the CMC doped
with 5% BSG is shown in Figure 33. Lower BSG levels resulted in picture frame oxidation, with
25% to 50% of the fracture surface being brittle. For comparison, the stress-strain behavior of
several CMCs at ~2000°F is provided in Figure 34: conventional MAS and CAS matrix

composites versus the 5% BSG-MAS matrix composites.

These results indicated that the optimum BSG dopant level to achieve a high degree of thermal
durability without attendant loss of refractoriness is 5% BSG. Recall the Task 1 work illustrated
the apparent synergistic effect of employing both BSG-doping and SiC-whisker matrix
toughening in the composite. Therefore, two CMCs were downselected for continuing the Task
2 investigation:

(1) Nicalon/5% BSG-doped MAS cordierite

(2) Nicalon/5% BSG-10% SiC, MAS Hybrid

The remainder of Task 2 entailed a study of tensile, and tensile stress-rupture properties of these
CMCs, along with long term unstressed oxidation exposures to comprehensively demonstrate

their thermal durability.

4.2.2 Fast Fracture Tensile Behavior

4.2.2.1 Nicalon/5% BSG-MAS Cordierite

Nicalon/5% BSG-doped MAS cordierite CMCs contain only BSG dopants to the matrix, and

provide thermal durability by boron modification of the in situ carbon interfacial layer discussed
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FIGURE 30. TENSILE STRENGTH OF MAS CMCs AT 2000°F
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FIGURE 31. TENSILE FAILURE STRAIN OF MAS CMCs AT 2000°F
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above. Two mechanisms appear operable: (a) the presence of BN and B,O, phases within the in

situ carbon interfacial layer, and (b) glass-glazing matrix-side of the in situ carbon interface.

The tensile strength of (0°) unidirectional 5% BSG-doped MAS CMCs at 75° and 2000°F is
provided in Figure 35. At room temperature, the CMC exhibits a high elastic limit and a UTS of
65 ksi. At 2000°F, the initial modulus is reduced about 25%, and there is an apparent
microcracking event at 15-20 ksi, followed by a linear fiber-dominated stress-strain behavior to
the UTS, which is also 65 ksi, as it was at room temperature. The linear portion of the composite
stress-strain response at 2000°F has a modulus of ~8.5 Msi. This indicates fiber-dominated
behavior, since it is roughly equivalent to vE, (T), and continued microcracking would decrease
the compliance of the specimen and result in nonlinear stress-strain. This implies that the knee at

15-20 ksi is a true microcracking event, and not related to deformation at elevated temperature.

Figure 36 presents the family of stress-strain curves for (0°/90°) cross-ply composites from 75° to
2200°F, with all tests in air atmosphere. Note that the proportional limit of the CMC decreases
with temperature, but the strain to failure is relatively constant 0.7-0.9% throughout the
temperature range. This means that the CMC is thermally durable, and has significant
mechanical integrity throughout the temperature range of interest. Additionally, the shape of the
stress-strain curves (i.e., linear at high values of stress and strain) indicates that this CMC

exhibits minimum deformation and good refractoriness to 2200°F as well.

The relatively temperature-invariant strength and failure strain of 5% BSG-doped MAS
cordierite CMCs out to 2200°F is shown in Figures 37 and 38. The fibrous nature of fracture at
1050° and 2200°F is shown in Figure 39. The temperature invariant strength, failure strain, and
fibrous fracture morphology are an indication that a significant degree of thermal durability has

been achieved in these CMCs.
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4.2.2.2 Nicalon/5% BSG-doped, 10% SiC ,MAS Hybrid CMCs

As discussed above, the intent of the addition of SiC-whiskers to the MAS matrix of the CMC is
to toughen the matrix, thereby delaying microcracks from developing, and raising the composite
elastic limit. BSG-doped composites that have whisker-toughened matrices are known as BSG

hybrids.

Tensile stress-strain behavior of (0%/90°) cross-ply 5% BSG-10% SiC, MAS hybrids are shown
in Figure 40. Comparison to the nonhybrid version is provided in Figure 41. The strength and
failure strain of the hybrid CMCs are plotted as a function of temperature in Figures 42 and 43,
respectively. The strength and failure strain are lower for the hybrid, especially at lower
temperatures. We speculate that bridging whiskers contact and prematurely fracture reinforcing
fibers at the point on the stress strain curve where significant relative motion and fiber pullout
occurs. The fracture morphology for the hybrid remains fibrous at 2200°F, as shown in Figure
44. The slightly higher elastic modulus of CMCs with the high modulus matrix addition is
shown to holgl from 75° to 2200°F, as shown in Figure 45. However, the general trend is the
same for both materials, being largely controlled by the behavior of the SiC fiber. The initial
elastic modulus decreases ~50% over the 75° to 2200°F temperature range, but remains

acceptably high for design purposes, according to Pratt & Whitney (E>10 Msi is desired).
4.2.2.3 Summary of Fast-Fracture Tensile Behavior

The mechanical properties of BSG-doped MAS CMCs and their SiC, matrix-toughened hybrids
are tablulated in Table 1. Room temperature behavior is maintained at 1050°F, but there is no
apparent influence of BSG-doping; however, properties at 2000°F are greatly improved by BSG-
doping. SiC, addition results in low failure strain at 75° and 1050°F. Otherwise, the conclusions
of fast fracture tensile testing are the same as discussed previously in screening flexural testing.
The BSG-dopant is responsible for the good high temperature behavior, and there is no apparent

refractoriness loss when the BSG level is kept at 5%.
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Air atmosphere

FIGURE 44. TENSILE FRACTURE SURFACE OF 5% BSG-10% SiC,
MAS AT 2200°F
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Table 1
TENSILE DATA FOR NICALON 5% BSG-MAS,
WITH AND WITHOUT SiC-WHISKER ADDITION

BSG 5.00% 5.00%

Wh 0% 10%

UTS 40.6 . 26.7

2.3 8.2

PL 14.5 15.2

RT 10.3 13.2
E 19.0 21.2

+0.1 +2.7

e 0.80 0.23
+0.10 +0.05

UTS 39.1 30.5

+0.1 +4.6

PL 15.5 18.0

1050°F 10.3 +0.1
E 19.2 21.6

+0.8 +0.1

€ 0.68 0.29
+0.02 +0.09

UTS 32.5 31.5

+1.1 +1.8

PL 9.1 10.0

2000°F +0.4 +0.4
E 13.8 14.7

0.4 +0.1

£ 0.70 0.54
+0.02 +0.04

UTS 27.6 25.9

+0.1
PL 5.6 5.7
2200°F +0.2

E 8.3 11.0

+0.6 0.5

€ 0.81 0.62

+.01 +.07

All specimens are [(0/90)3]s. Tensile tests are run in duplicate.

+ = Ranges
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4.2.3 Tensile Stress Rupture

Tensile stress rupture testing is used by Pratt & Whitney as the measure of lifetime at stresses
above the elastic limit, and is therefore a prime definitive indicator of thermal durability.

\

4.2.3.1 Test Methodology

Two tensile stress rupture (TSR) test protocols were employed. In stepped TSR, (0°%/90°) cross-
plied composites were initially loaded in tension (at 1050° and 2000°F, air atmosphere) at 10 ksi,
and incrementally uploaded 2 ksi after each successive 50 hour period of survival. The stepped
stress rupture loading continued until eventual sample failure. The final failure stress and total
accumulated time under load were recorded. This test protocol is used by Pratt & Whitney to

determine the maximum stress where the material exhibits a 50 hour life.

The second test employed to assess life was a conventional TSR test, wherein samples are loaded
at a stress level slightly lower than where short term failures were recorded in stepped TSR, run

for typically 200 hours, and then rapidly uploaded, at temperature, to failure.

4.2.3.2 TSR Results for BSG-Doped and Hybrid CMCs

Consistent with fast-fracture tensile results, TSR testing on samples with less than 5% BSG
doping resulted in early failures at low loads, as shown in tabular summaries of both stepped and
conventional TSR tests provided in Tables 2 and 3. This confirms that 5% BSG-doping is

optimum, and provides for long life and thermal durability.
TSR testing of BSG-doped MAS composites, both with and without SiC, addition to the MAS

matrix, provided mechanistic insight to the individual roles of BSG-doping and SiC-whisker

matrix toughening with respect to the attainment of thermally durable CMCs.
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STEPPED TSR RESULTS:

(max stress for 50 hr lifetime/time to failure)

Table 2

MAXIMUM STRESS/FAILURE TIME

% 1

0/0

1.25/0

1.25/10

2.5/0

2.5/10

3/0

5/10

16 ksi/200-260 hr
16 ksi/200-330 hr
is ksi/260-360 hr
18 ksi/270-400 hr
14-22 ksi/220-380 hr
18 ksi/240-270 hr

20-22 ksi/340-390 hr

2000°F
12 ksi/140-150 hr
14 ksi/150-260 hr
18 ksi/270-320 hr
16-20 ksi/220-340 hr -
14-16 ksi/160-240 hr
18-20 ksi/290-350 hr

18 ksi/250-280 hr
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Table 3
STRESS FOR 200 HOUR TSR LIFE/RESIDUAL STRENGTH, ksi

0/0 16 ksi/18-20ksi 10 ksi/14 ki
1250 16ksi/20-26ksid  -----
1.25/10 18 ksif2026 ksi 18 ksi/23 ksi @
2.5/0 18 ksi/22-24 ksi 14 ksi/24 ksi
2.5/10 18 ksi/21 ksi <12ksib

5/0  18ksif20-22ksi 16 Ksi/24-26 ksi
5/10 20 ksif22-24 ksi 18 ksi/23-26 ksi @

a ignoring one early failure |
b all early failures at 12 ksi, 14 ksi
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(a) Nonhybrid CMCs Containing Only BSG-doping:

Stepped and conventional stress rupture testing was conducted at 1050° and 2000°F in air
atmosphere. Figure 46 presents stepped TSR results for the Nicalon/5% BSG-doped MAS CMC
at 2000°F. The stepped TSR data are shown to extend to failure at 20 ksi after nominally 300
hours under load. With the at-temperature fast-fracture stress-strain curve also shown in Figure
46, it is evident that the 5% BSG-doped MAS composite has significant structural life and
integrity at 2000°F at stresses well above the material’s proportional limit, which was shown
earlier to be a microcracking event occurring at the knee in the stress-strain response. Life at
stresses greater than the proportional limit is Pratt & Whitney’s working definition of thermal
durability. The fibrous nature of the fracture morphology for a sample that failed at 20 ksi after
347 hours accumulated time under load at 2000°F is shown in Figure 47. Figure 48 presents the
constant stress TSR results for the Nicalon/5% BSG-MAS composite, illustrating a 25 ksi tensile
strength (at 2000°F) after a 200 hour runout under a 16 ksi tensile stress. Therefore, 77 % of the
CMC’s strength was retained after the 200 hr/2000°F exposure at a stress level 60% higher than
the elastic limit. Such life in a microcracked condition at 2000°F is a clear indication of the high
degree of thermal durability attained. Figure 49 illustrates that these promising results extend to

2200°F as well.

The thermal durability for the Nicalon/5% BSG-doped MAS CMC at intermediate temperature,
however, is not so promising. Figure 50 presents stepped TSR data for this CMC at 1050°F.
Although failure times reached nominally 250 hours and the failure stress was ~20 ksi, both
meeting Pratt’s generic requirements for thermostructural use, the long term failure occurred at
stresses only slightly higher than the at-temperature proportional limit, and only roughly 50% of
the fast fracture strength at 1050°F. Additionally, the fracture surfaces of tested TSR samples
were not fibrous in appearance. Conventional TSR tests (Figure 51) showed the CMC to have 20
ksi strength after 200 hour runout. While this was significantly better than the performance of
baseline Nicalon/MAS composites, it was found in general that BSG dopant up to the 5% level

had only nominal influence on the mechanical performance at this intermediate temperature.
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These high temperature and intermediate temperature TSR results for the BSG-doped MAS
matrix CMCs are entirely consistent with Task 1 screening data based on flexure. BSG-doping
provides a mechanism of thermal durability enhancement that is only operable at high

temperature.

(b) Hybrid CMCs with SiC _-Toughened Matrices:

Stepped tensile stress rupture data for the Nicalon/5% BSG, 10% SiC, hybrid CMC at 1050°F
are shown in Figure 52. At this intermediate temperature the addition of SiC-whiskers to the
MAS matrix had a pronounced effect (recall that BSG dopants had only minor effect at 1050°F).
Figure 52 illustrates that the stress rupture life extends much higher on the fast fracture stress-
strain curve. Failure times were as long as 400 hours, and the fracture stress was 22-24 ksi,
nominally 70% of the fast fracture strength at 1050°F. Fracture surfaces were mixed
fibrous/brittle, as shown in Figure 53. The constant stress TSR test results at 1050°F are
provided in Figure 54. 200 hour runout was achieved at an applied stress of 20 ksi, and the
residual at-temperature strength upon rapid upload to failure was 24 ksi. Note that these TSR
results at 1050°F were the best obtained of all the materials, hybrid and nonhybrid, investigated

on this program.

At 2000°F, the TSR results of the 5% BSG, 10% SiC, hybrid were nominally equivalent to those
for the CMC containing a 5% BSG doping alone. This was consistent with Task 1 flexure data

which showed no benefit of whisker toughening at high temperatures.

Therefore, the addition of SiC-whisker toughening of the CMC MAS cordierite matrix has the
beneficial effect of increasing lifetimes at intermediate temperatures. The stress-strain curves
presented in Section 4.2.2 indicated that such CMCs had increased proportional limit. We can
therefore conclude that the operable mechanism of enhancing thermal durability in BSG hybrid

CMC:s is by inhibiting the development of matrix microcracks upon loading.
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4.2.3.3 5000 hr Stress-Rupture Testing

The TSR results in the previous section had the focus of thermal durability under microcracked
conditions created by loading at high levels of stress. Corning and Pratt & Whitney investigated
lower stress thermal durability on a parallel joint IRAD program where the emphasis was on long

term thermal stability as well as thermal durability.

Nicalon/2.5% BSG-doped MAS cordierite composites, with and without SiC, addition to the
glass-ceramic matrix, were fabricated in [0°/+45°/90°] laminate construction and subjected to air
atmosphere tensile stress rupture tests at Pratt & Whitney.* The applied load was 7 ksi, near the
material’s elastic limit. The nonhybrid survived the 7 ksi applied stress for 5077.7 hr (7 months)
at which point it was rapidly uploaded to failure (at 2000°F); as shown in Figure 55. Its residual
strength was 19.5 ksi, greater than 90% of the original fast fracture strength, as indicated by the
comparison to the stress-strain response presented with the TSR behavior in Figure 55. Fracture
surface examination revealed very fibrous failure of the 45° plies, while the 0° plies were fibrous
at the center of the sample cross-section, and brittle near all exposed edges, as shown in Figure
56. A fair degree of toughness and strain tolerance were maintained for the 5000+ hours of
thermal exposure. Figure 57 compares the short term stress-strain, stepped tensile stress-rupture
(where failure was at ~350 hr), and the 5000 hr TSR test results. It is apparent that the BSG-
doped MAS matrix CMC exhibits load rate/history independence over several thousand hours of

time.

Similar results were obtained for the 2.5% BSG-doped, 10% SiC-whisker hybrid matrix
composite for which more extensive post-exposure microstructural examination was done.
Figure 58 presents a TEM replica view of the microstructure of this CMC after the 5000
hr/2000°F TSR exposure. The matrix microstructure appears to have coarsened a bit (compared
to Figure 4), but there is no apparent fiber or whisker attack. This is shown more clearly in the

TEM thin foil view of the thermally exposed microstructure shown in Figure 59. Note the

* Performed prior to our determination that 5% BSG-doping was optimal.
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FIGURE 58. TEM REPLICA: 2.5% BSG/10% SiC, MAS AFTER
5000 HR TENSILE STRESS RUPTURE
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FIGURE 59. TEM MICROGRAPH OF 2.5% BSG-10% SiC, MAS
HYBRID HAVING SURVIVED 5000 HR TENSILE
STRESS RUPTURE TEST AT 2000°F
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integrity of the whisker-matrix boundary and the maintenance of the fiber-matrix interface. The
latter is shown more clearly in Figure 60, also a TEM micrograph of a 5000 hr/2000°F TSR
sample. Note especially the in situ carbon interface and the matrix-side glass layer, which
apparently provides a glaze coating to protect the carbon-rich layer from oxidizing during
thermal exposure. The presence of this plugging glaze coating was mentioned previously, and
will be discussed in the following section dealing with thermal exposures at intermediate as well

as extremely high temperatures.
4.2.3.4 Summary of TSR Testing

Tensile stress rupture testing was found to be a definitive indicator of thermal durability and
thermal stability. At intermediate terfiperature, the presence of SiC whiskers in the
microstructure had the affect of increasing lifetimes at high stress, but had no affect at high
temperature. Conversely, BSG-doping at the 5% level had no affect at intermediate temperature,
but had a pronounced beneficial affect in increasingly thermal durability at 2000°F. The
whiskers appear to inhibit matrix microcracking, whereas the BSG glass appears to protect the in
situ carbon layer by boron-doping the in situ-carbon layer (B,0, and BN) and providing a matrix-
side glaze coating. The simultaneous use of these dopants/additives appears to provide thermal
durability over the entire temperature range of interest. Additionally, MAS cordierite
microstructures containing these two additives exhibited a high degree of thermal stability in

5000 hour exposures.
4.2.4 Unstressed Isothermal Oxidation

Pratt & Whitney devised a simple, yet environmentally severe test to screen prospective CMC
candidates for thermal durability. [0°/90°] cross-ply flexure bars, with as-processed surfaces and
machined edges, were exposed for extended times, typically 100 and 500 hr, in air atmosphere at
various intermediate and high temperatures. The residual flexure properties were then measured

under ambient conditions after the unstressed isothermal oxidation exposure.
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The residual flexural properties of Nicalon/5% BSG-doped MAS cordierite CMCs subjected to
these various isothermal oxidation exposures are presented in Figures 61 and 62. It is shown that
these nonhybrid CMCs experience a significant loss of strength and toughness at 1300°F
‘ (700°C). For instance, the 5% BSG-doped CMC experienced a ~70% strength loss and ~40%
failure strain reduction after 100 hr isothermal exposure at 1300°F, but tolerated higher exposure
temperatures quite well, with residual mechanical properties after 1600° and 2000°F isothermal
exposures only marginally affected. The property reduction at 1300°F was accompanied by a
change in failure mode from shear, or combined tensile/shear, to tension. Also, the elastic
modulus was observed to increase by as much as 20% after the 1300°F exposure, presumably

related to the less compliant interface formed upon embrittlement (silica replacing carbon).

This effect has been observed by Pratt & Whitney for a variety of the industry’s CMCs, all
containing an in situ carbon-rich fiber-matrix interface, and is widely known in the technical

community as the intermediate temperature oxidation embrittlement problem.

4.2.4.1 Cause of Embrittlement: Oxidation of Interface

Several aspects of such degradation in properties at intermediate temperatures were considered
and investigated further, both with an aim of identifying the underlying cause of the phenomenon
of intermediate temperature embrittlement, as well as finding an effective remedy. These are
discussed as follows.

(a) Internal Reactivity:
Internal reactivity was eliminated from consideration as the cause of the embrittlement, since
intermediate temperature exposure in nitrogen atmosphere did not result in property degradation.
(b) Residual Stress-induced Microcracking:

Similar intermediate temperature embrittlement degradation in extended air atmosphere
exposures was observed for a wide variety of matrices having various levels of thermal
expansion mismatch with the reinforcing fiber: CAS, MAS, LAS, and BMAS. Therefore, it was

concluded that the observed embrittlement was not related to matrix residual stress state and any
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associated microcracking (which would have provided paths for air to reach and oxidize the
interface).

(¢) Matrix Phase Instability:

As mentioned previously, the MAS matrix of the CMCs investigated on this program is a
barium-stuffed cordierite. ~Barium is somewhat mobile and Ba-MAS destabilization is
sometimes observed, but normally only after extended thermal exposure at 2000°F. Celsian,
BAS, typically forms in regions of the cordierite microstructure, but its presence has been found
to be relatively benign: it is a more refractory phase, and we have found no microcracking
associated with such destabilization. Such celsian formation is regarded as a harmless effect, and
not the cause of intermediate temperature embrittlement in the CMCs studied on the present
program.

(d) Unstable Secondary Phases:

Extensive examination of embrittled CMCs from the present study was conducted. No unstable
phases were found in the matrix (such as the NbC transformation to Nb O, effect found in certain

LAS matrix CMCs with much higher levels of Nb addition).

These experiments involving possible internal reactivity, residual stresses, and phase instability
have confirmed that the observed embrittlement problem is instead related to oxidation of

carbon-rich interfacial regions in the microstructure, often referred to as pipeline oxidation.

4.2.4.2 Management of Embrittlement by Flash Oxidation Treatment

It was found that flash oxidation treatment, i.e., short term exposure to oxidizing conditions at
very high temperatures, served to almost completely eliminate the intermediate temperature
oxidation embrittlement problem in Nicalon/5% BSG-MAS composites. This is illustrated in
Figures 63 (a,b), which presents strength and failure strain in three environmentally exposed
conditions: (1) as-processed, (2) after 650°C/100 hr exposure (the data in Figure 61), and (3)
flash oxidized (three different schedules) prior to 650°C/100 hr intermediate temperature

exposure.
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The success of ﬂash oxidation surface sealing as the most effective way to minimize intermediate
temperature oxidation embrittlement suggests the mechanism to be viscous plugging of the
carbon layer by the B,O, present (shown by ESCA/XPS earlier in the program), and by viscous
sealing by the BSG glaze coating that TEM thin foil investigation has shown to be matrix-side of
the interface (as shown in Figure 60). Presumably, the viscous flow necessary for sealing is not
operable at the low/intermediate temperatures in the 600°-700°C range. This idea implies that
the degradation mechanism is pipeline oxidation from the machined edges of the bend bar, where

the carbon interface is directly exposed to the environment in 90° plies of the laminate.

4.2.4.3 Elimination of Embrittlement by Hybridization

Nicalon/5% BSG-doped, 10% SiC_ hybrid CMCs, containing both BSG-doping and SiC whisker
matrix toughening, were also subjected to the unstressed isothermal oxidation exposures at Pratt
& Whitney. The results are shown in Figure 64. It is observed that the whisker-toughened
hybrid CMC did not experience embrittlement at intermediate temperature. The problem is
completely eliminated by the addition of whiskers to the CMC matrix. This correlates with the
1050°F TSR data discussed above (Figure 52, 54). The whisker-containing hybrid exhibited
significantly increased lifetime under stress in the intermediate temperature tensile stress rupture

tests.

Therefore, the TSR and unstressed oxidation data imply that inhibiting matrix microcracking by
toughening the glass-ceramic matrix is a viable way of eliminating embrittlement phenomena.
The fact that the hybrid CMC exhibited superior behavior at intermediate temperatures, where
viscous plugging of the interfacial BSG phase is not operable, implies that microcracking is
associated with the embrittlement of nonhybrid CMCs. Perhaps the tougher SiC_ -containing
matrix of the hybrid prevents microcracking during machining of the bend bars, or otherwise

inhibits the progression of microcracking that may be occurring during the exposures.
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4.2.5 Summary of Task 2 Activities

Thermal durability of the CMCs being developed on this program was successfully assessed by
tensile stress-rupture and unstressed isothermal oxidation exposures. This was accomplished in a

way that permitted mechanisms of behavior to be inferred.

An optimized 5% BSG doping level was found to result in increased life under stress in high
temperature TSR testing. Additionally, intermediate temperature embrittlement was shown to be
controlled by a high temperature flash oxidation treatment. Both effects can be explained by the
presence of B,0, or BN modification of the carbon-rich interface, or by the presence of a
protective borosilicate glass glaze coating matrix-side of the carbon layer. BSG-doping had little

or no effect at intermediate temperatures, apparently having a viscosity too high for sealing or

plugging.

SiC, matrix toughening had no effect at high temperature, but was demonstrated to increase
lifetimes under stress at intermediate temperatures, and to completely eliminate unstressed
intermediate temperature embrittlement. Reduction in the creation of or propagation of

microcracks in the glass-ceramic matrix was speculated as the operable mechanism.

4.3 Mechanical Property Assessment (Task 3)

It had been hoped that Task 2 work would permit a downselect to the best single CMC system to
pursue in Task 3, which originally had a scope of the generation of a preliminary materials
property data base on the downselected CMC. However, both hybrid and nonhybrid CMCs were

demonstrated to be beneficial in Task 2 thermal durability studies.

Task 3 was therefore restructured to entail an expanded thermal durability assessment, and
measurement of properties such as shear strength and tensile creep that might serve to
differentiate hybrid and nonhybrid CMCs. The expanded thermal durability assessment involved
notch sensitivity, fatigue, and burner rig testing of 5% BSG-doped MAS CMCs, in both hybrid
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and nonhybrid forms. The cyclic mechanical fatigue behavior of these materials is considered by
both Pratt & Whitney and the Air Force as the most definitive test of resistance to oxidation
embrittlement, and hence thermal durability. Thus, the aim of this further testing, emphasizing
long term environmental performance, was to more definitively and comprehensively study their

thermal durability.

4.3.1 In-Plane Shear Properties

One of the potential advantages of SiC whisker addition to glass-ceramic matrices of continuous
fiber composites was thought to be increased in-plane shear strength. In-plane shear strength,
and especially in-plane shear modulus, are matrix-dominated properties for continuous fiber
composites, and the employment of a toughened matrix might enhance such off-axis properties,

based on the major increase in strength and toughness demonstrated by whisker-only composites.

Accordingly, Pratt & Whitney conducted room and elevated temperature in-plane shear strength
measurements on Nicalon/5% BSG-MAS CMCs using the + 45° tensile coupon. The shear
strength results for hybrid and nonhybrid CMCs are presented in Figure 65. It is observed that a
40-50% increase in in-plane shear strength is realized by the whisker-toughened 5% BSG-MAS
hybrid throughout the RT-2200°F temperature range. The room temperature shear modulus is
shown to increase 34% by SiC, additions to the CMC matrix. This then provides a possible

advantage needed for certain shear critical components.

4.3.2 Tensile Creep Behavior

Tensile creep tests were performed for the Nicalon/5% BSG-MAS CMCs and their SiC whisker
toughened hybrids by Pratt & Whitney. Tests were conducted on (0°/90°) cross-ply composites
at 2000°F under an applied tensile stress of 15 ksi, in air atmosphere. The results for hybrid and
nonhybrid composites are provided in Figure 66. It is observed that the total creep strain after
200 hr was only about 0.5% for the nonhybrid, and only about 0.25% for the hybrid. Note the

pronounced lessening of Stage I creep for the hybrid. Both forms of Nicalon reinforced
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composite exhibited very low creep rates, although secondary creep was never attained in the
200-300 hr tests. Both CMCs exhibited creep rates in the 10° hr * range, with the hybrid having
an exceptionally low steady-state creep rate, 4.7 x 10° hr . This correlates with the excellent
stability of SiC whiskers in the cordierite matrix (i.e., no boundary silica is formed at the SiC-

cordierite interface).

It is noted with interest that this level of creep resistance is superior to that of nickel base
superalloys, the class of materials that CMCs intend to replace. These creep data again confirm
the viability of BSG-doped MAS cordierite glass-ceramics as extremely refractory ceramic
matrices, and that they produce thermally durable CMCs with sufficiently high usable strength
and deformation resistance at elevated temperature for thermostructural applications as

envisioned.

4.3.3 Notch Sensitivity

Centerhole tensile testing was conducted (by Pratt & Whitney) at 75°, 1050°, and 2000°F to
assess the capability of the BSG-doped MAS matrix composites in a simulated attachment
condition. These data provide much information, namely: determination of notch sensitivity for
both hybrid and nonhybrid CMC; the effect of broken fibers on the elevated temperature

mechanical properties; and a baseline database for cyclic mechanical fatigue behavior.

The samples tested (i.e., both hybrid and nonhybrid) were of 12-ply [0°/90°] cross-ply laminate
construction. Straight-sided tensile sample were used, with a width of nominally 0.5-inch. The
centerhole had a diameter of 0.1-inch, thereby reducing the load bearing area of the specimen by
20%. Samples were tested in static tension to failure, with the data compared to that from
unnotched samples with no centerhole. Calculated stresses for the centerhole samples were

based on the load bearing area (i.e., net section strength).

The tensile strength of both unnotched and centerhole samples of both hybrid and nonhybrid
CMCs is presented in Figure 67, where the test temperature extended from room temperature to
2000°F, in air atmosphere. The [5/0] notation refers to the Nicalon/ 5% BSG-MAS CMC, and
the [5/10] notation refers to the same material hybridized by the addition of 10% SiC whiskers to

the MAS cordierite matrix. Open symbols in Figure 67 refer to unnotched specimens, whereas
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closed symbols refer to the behavior of centerhole notched samples. It is observed that at room
temperature, both CMCs are notch insensitive; roughly the same UTS was obtained for both
notched and unnotched samples. This agrees with data previously obtained for Nicalon/CAS
CMCs, where this was attributed to stress redistribution resulting from the extensive matrix
microcracking involved in the fracture of ceramic matrix composites, at least those with fully
dense glass-ceramic matrices(4).  Interestingly, it is noted that centerhole samples for both
hybrid and nonhybrid Nicalon/5% BSG-MAS cordierite CMCs were slightly higher in strength
at 1050°F, and lower in strength at 2000°F than their unnotched companion samples. The
opposite trend would be expected from the standpoint of oxygen embrittlement, and more such

experimental investigation would be required to understand such phenomena.

These data demonstrate that both materials exhibit no notch sensitivity when compared to the
smooth (without centerhole) tensile data. This suggests that no knockdown factors would need
to be employed in designing for attachment regions of a component fabricated with these CMCs,

where tensile limits are the design criteria.

The data revealed that the 5% BSG/10% SiCy, matrix-toughened hybrid CMC does not exhibit a
benefit over the nonhybrid 5% BSG-doped MAS matrix composite in fast fracture tensile tests.
As was previously demonstrated in unnotched (smooth) tensile data, the strain to failure for the
SiC-whisker containing hybrid CMC is significantly lower, the elastic modulus and proportional
limit are equivalent when compared to the nonhybrid CMC. This is shown in Figure 68.

4.3.4 High Cycle Fatigue Behavior

Smooth and notched cyclic mechanical fatigue testing was conducted (by Pratt & Whitney) at the
same temperatures (75°, 1050°, and 2000°F) as the baseline tensile testing to determine the
endurance limit (105 cycles), and to generate S-N curves (stress versus cycles). These data
provide an assessment of the fatigue capabilities in smooth and notched (attachment) locations

for a component fabricated with these CMCs (hybrid and nonhybrid).

The fatigue results for the unnotched nonhybrid (i.e., the basic fatigue data for the Nicalon/BSG-
MAS CMC) are presented in Figure 69. The behavior at room temperature shows a classic S-N
curve. Evans, et al ®?, discuss how this is caused by the dominant fatigue

mechanism of interfacial wear. The opening and closing of matrix cracks results in the
fiber/matrix interfaces debonding and sliding as the matrix cracks cycle, which is manifest as
hysteresis loops. The understanding of the hysteresis behavior is central to the modeling and

prediction of fatigue. The mechanism relates to how the interfacial sliding stress changes in
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response to the cyclic opening and closing of the matrix cracks. The sliding stress diminishes
upon cycling. As this occurs, the inelastic strain and the ultimate tensile strength (UTS) are
affected, argue Evans, et al. The inelastic strain increases, because the interface sliding distances
increase leading to both a reduction in the secant modulus and a permanent strain. Conversely,
the UTS decreases, leading to enhanced fiber bundle failure and S-N behavior. Note in Figure 69
that at room temperature, the fatigue threshold is significantly greater than the proportional limit

(matrix cracking stress). This is in agreement with the experience of Evans, et al.

Note in Figure 69, that at high temperature, the degradation is significantly greater as the
mechanical cycling proceeds. This is consistent with a superimposed mechanism of oxidation
embrittlement. Figure 70 presents a Pratt & Whitney analysis of the fatigue data for the
Nicalon/5% BSG-MAS CMC at 1050°F, showing both mean data, as well as a 95% confidence
interval model developed to describe fatigue statistics for materials. Figure 71 presents the
fatigue data for the 5% BSG-10% SiC whisker hybrid matrix CMC. The data show the same

trends of degradation as in Figure 69. Contrary to the unstressed isothermal oxidation and tensile
stress rupture results discussed above, the SiCy matrix-toughened hybrid is apparently not a

more thermally durable CMC under cyclic loading conditions. The fatigue data for the
centerhole notched samples for both CMCs are provided in Figures 72 and 73, respectively.

The fatigue data presented here suggest that there is no benefit to the whisker containing hybrid
CMC, since the endurance limits for both materials were nearly the same at all temperatures;
being about 60% of the ultimate stress at 75°F, and 50% of the ultimate stress at 1050° and
2000°F. However, the data suggest that there is no notch sensitivity associated with a hole, since
the endurance limits were equivalent for both material systems in the notched and smooth

conditions.

The fatigue data do tend to suggest, however, that these CMCs can be used above the
proportional limit. This is shown in Figures 69-71, where it is demonstrated that 10° cycle
runout is obtained, at both intermediate as well as at high temperature, at tensile stresses of
nominally 15 ksi. This stress level is greater than the proportional limit for either nonhybrid or
hybrid CMC (refer to Table 1). This demonstrated long term/high stress life of the BSG-doped
CMCs developed on this program clearly shows the high degree of thermal durability achieved

by these materials.
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4.3.5 Burner Rig Testing

Burner rig testing is employed by Pratt & Whitney to determine the susceptibility of candidate
materials to thermal gradients, thermal transients, and jet fuel chemical attack, which may be
present during use in the jet engine environment. The burner rig test involves placing a 4x4x0.1-
inch sample in front of a Dil’s burner rig. This burner uses Jet A fuel, which is commonly used
in Pratt & Whitney commercial engines. The specimen is cycled in and out of the impingement
flame, spending 50 seconds in the flame, and 10 seconds cooling. This cycle is repeated 6000
times. Following this exposure, room temperature flexure specimens are machined and tested
from various locations in the panel. Past experience with other CMCs has been that specimens
taken from the gripping ends of the panel typically exhibit full strength retention; whereas,
specimens from the center of exposed panels often exhibit half their initial strength, and low
failure strain (brittle behavior).

The Corning 5% BSG-doped MAS CMCs (nonhybrid) tested on this contract successfully
completed this burner rig test, showing no mechanical property degradation, as shown in Figure
74. This burner rig exposure test provides much information on the effects of thermal gradients
through the panel, thermal transients during the rapid heating cycles, and chemical attack from
the Jet A fuel residue on the panel surface. None of these potential degradation mechanisms
were evident in the 5% BSG-MAS CMCs tested, although the burner rig exposure does not
provide data on the effects of simultaneous mechanical loading, which will be present in the

actual engine environment.

The results are not so clear, however, for the matrix-toughened SiC whisker hybrid version of the
BSG-doped MAS matrix CMC. Figures 75 and 76 show that the post-burner rig exposure
strength, in particular, was low for this CMC, at least in comparison to that shown in Figure 74
for the nonhybrid version of the CMC. However, Pratt & Whitney reports that they are not clear
as to whether the hybrid did degrade during the exposure, since a definitive baseline strength for

that composition was not established due to plate-to-plate variations in the properties.

4.4 Summary: BSG-Doped MAS CMCs
Oxidation embrittlement consists of the sequential events of matrix microcracking under load,

followed by rapid oxidation of carbon-rich fiber-matrix interfacial regions, resulting in increased

bonding of the fiber to the matrix and loss of composite strength, toughness, and strain tolerance.
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It was demonstrated on this program that the microstructure of an MAS glass-ceramic CMC can
be altered by BSG-doping and SiC-whisker additions to manage this problem. This was
accomplished both by affecting the way damage accumulates in the matrix in response to

mechanical loading, as well as by providing increased levels of interfacial oxidative stability.

The BSG dopant in the MAS cordierite matrix serves as a source of boron, which diffuses to the
interface during composite hot consolidation. At the fiber-matrix interface, boron combines with
oxygen and nitrogen to form B,0, and BN phases which increase the oxidation resistance of the
carbon-rich interface. Additionally, a matrix-side borosilicate glass film further protects the

modified carbon interface. These effects of boron provide for increased oxidative stability.

Boron doping also affects the mechanical performance of the composite. A thinner interface
develops, but remains mechanically functional as a debond layer in the microstructure. The
interfacial shear resistance and debond strength are apparently increased since matrix
microcracking is suppressed upon mechanical loading, as evidenced by tensile stress-strain
behavior with reduced strain accumulation and increased elastic limit. Thus, BSG-doping
reduces matrix microcracking, thereby minimizing the creation of pathways for oxygen ingress
to the interface. The physical addition of SiC-whiskers to the MAS matrix strengthens and
toughens the matrix, and thus also reduces matrix microcracking in response to externally

applied stress.

This ability to alter the manner in which damage accumulates and to increase the oxidative
stability of interfacial regions resulted in enhanced thermostructural performance for these
CMCs. This was demonstrated in tensile stress rupture testing at intermediate (1050°F) and
elevated (2200°F) temperatures in air atmosphere, where it was shown that these CMCs have
significant life, hundreds of hours, at stresses well above the material elastic limit. Such TSR

behavior is a prime indicator of thermostructural performance.

At room temperature, both BSG-doping and SiC-whisker addition, acting individually, increased
the composite elastic limit by inhibiting matrix microcracking. The former had the stronger

influence, affecting the interfacial shear resistance, which is related to the interfacial fracture
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energy and its control of debonding and frictional sliding at the interface. At intermediate
temperatures, 1050°F, SiC-whisker matrix toughening had the strongest influence on mechanical
behavior. Increased lifetimes at high stresses in TSR testing, as well as elimination of unstressed
oxidation embrittlement, both suggest decreased matrix microcracking for SiC-whisker
toughened CMCs. BSG-doping had no influence on mechanical performance at intermediate

temperatures.

At high temperature (2000°F), however, SiC-whisker addition had no influence, and BSG doping
dominated composite behavior. Protection is provided primarily by a thin borosilicate glass
coating matrix-side of the interface, which also explains why flash oxidation treatments
eliminated unstressed intermediate temperature oxidation embrittlement as well. The enhanced
thermal durability that results from 5% BSG doping far outweighs the associated slight loss of
refractoriness. The MAS matrix exhibited excellent thermal stability in extend 5000 hour

environmental exposures.

Therefore, there appears to be a synergistic effect of using SiC-whisker and BSG-dopants
simultaneously.  Reduced microcracking occurs at intermediate temperatures, and a
plugging/blunting mechanism is operable at high temperature to protect the functional carbon
layer from oxidation. Both additives are needed for enhanced thermal durability over the entire
temperature range. Additionally, these CMCs exhibit increased in-plane shear strength, low
creep rates, and an absence of notch sensitivity. High cycle fatigue and tensile stress rupture data
indicate that they can be used above the composite proportional limit, which constitutes a

serviceable definition of the achievement of thermal durability.

The performance of Nicalon/BSG-doped MAS cordierite CMCs, and their SiC-whisker matrix-
toughened hybrid variants, has demonstrated the viability of the concept of using physical
additives and chemical dopants to modify the composite microstructure to manage the oxidation

embrittlement problem in carbon-interface CMCs, providing greatly enhanced thermal durability.
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5.0 Mica-Interface CMCs

The second major class of materials investigated on this program incorporates a fully dense,
oxidation resistant sheet-silicate (mica) interface to replace carbon and boron nitride. Carbon
interfaces, either formed in situ or applied as a fiber coating, are not resistant to oxidation, as
discussed in the previous section. BN fiber coatings are an improvement, but also have not been
completely free of oxidation embrittlement, and are currently produced by expensive CVD

methods.

Sheet silicate (mica) interfaces were investigated on this program. The thrust of this concept is
that the weak interfacial bonding necessary in a brittle matrix composite for crack debonding and
frictional sliding leading to good fiber pullout and CMC toughness and strain tolerance be
achieved by cleavage-dominated fracture of the micaceous glass-ceramic interface. Mica has the
advantage of being an oxide, and thus inherently oxidation resistant. It can also be applied as a

cost effective (non-CVD) solution coating.

The basic concept is that mica, a fully dense silicate glass-ceramic, is a layered sheet structure
that is very strong in the a-b directions parallel to the layering planes, but having a c-direction
cleavage strength ranging from weak to strong, being controlled by the ionic charge of the
interlayer cation of the structural layers. Several alkali and alkaline earth cations have been
successfully synthesized in such fluoromicas. The interest in this micaceous interface for CMCs
is that (1) it is weakly bonded parallel to the fiber, (2) it is an oxide, and (3) the desired
interfacial shear strength and toughness can be chemically designed into the CMC system early
in its overall fabrication. Therefore, this concept offers the potential for engineered interfaces for
CMCs that are not only mechanically functional, but that do not suffer from oxidation

embrittlement.
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5.1 Process Description

A schematic view of the basic sol-gel fiber coating process is provided in Figures 77 and 78 and
Table 4. Desized fiber tows are drawn through the sol, which consists of a combination of
reactants including metal alkoxides and ammonium fluoride in an acidified solvent system. The
wet tow is then drawn through an air dryer at 80°C. The coating is then cured at 300°C to
hydrolyze, remove solvent and to increase the inorganic character of the gel coating. This is
sometimes followed by a 600°C thermal treatment to remove any remaining water and residual
organics, and to complete the gelation process. The gel serves as the binder in the fiber coating

process when particulate augmentation is employed.

The baseline process involves the application of two coatings in one pass (coat-dry-cure, repeat),
and yields mica coatings of ~200 nm thickness. In general, coating thickness is controlled by
solids content, pull rate, and number of passes. The baseline process may also be modified with
the addition of crystalline mica flakes to increase the mica content and thickness of the coating.
Such mica flakes are 3-5 pm in size in the baseline augmented sol-gel process, and are produced

by vibratory milling of melt synthesized mica powder.

At this point in the coating process, the fiber coating is an inorganic gel. The coated tow is then
prepregged into fiber mats, which are stacked and subsequently hot-pressed. The prepregging
process involves impregnation of coated fiber tow with a slurry consisting of matrix glass
particles in a thermoplastic binder. The use of the thermoplastic binder in the prepreg process
accomplishes three things: (1) improved handleability of the prepregged fiber tow, (2) shaping of
prepregged mats to produce articles of complex curved geometry, and (3) weaving and
collimation to produce complex fiber architectures. After layup, the thermoplastic binder is

burned out, prior to hot consolidation of the prepregged fiber mat.

It is important to recognize that the hot consolidation step of the process accomplishes three

things: (1) consolidation of the glass-ceramic matrix to full density, (2) crystallization of the
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: Table 4 o
CMC PROCESSING OF SOL-GEL COATED FIBERS

SOL DESIZED FIBER TOW DRAWN
- " THROUGH SOL

+ METAL ALKOXIDES
« AMMONIUM BIFLUORIDE
» ACIDIFIED SOLVENT

|

AIR DRY 80°C
Y
. « HYDROLIZE.
CURE AT 300°C | ! SOLVENT REMOVAL
Y
COATED FIBER TOW
FIBER MAT PRE-PREGGING
\ ]
i « CRYSTALLIZATION OF MICA
HOT CONSOLIDATION LwTeReAcE
- v « CRYSTALLIZATION OF MATRIX
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matrix to the desired phase assemblage, and (3) densification and crystallization of the mica fiber

coating to the desired phase content and degree of crystallinity.

5.2 Critical Issues

Our previous work on ONR/DARPA Contract N00014-89-C-0164 established the fundamental
technology of sheet-silicate interfaces, and defined the critical issues that guide the workscope
for these materials on the present program. The overall objective is to create dense, uniform

fiber coatings of the optimum phase content, crystallinity, and thickness.

Four critical issues were identified for mica interface CMCs: (1) minimization of mica-matrix
reactivity during processing, (2) minimization of in situ carbon layer formation, (3) achievement
of 100% mica phase content, and (4) development of sufficient coating thickness to promote

crack debonding and provide fully functional mechanical behavior.

Minimizing mica-matrix reactivity is accomplished by selecting compatible mica and matrix
constituents. Minimizing carbon layer formation when using Nicalon SiC fibers is accomplished
by using low processing temperatures (900-1100°C) and eliminating matrix constituents that

promote carbon layer formation (e.g., arsenic).

Achievement of 100% mica phase content and the development of sufficient coating thickness
were shown to be the primary areas that need improvement to continue the development of
thermally durable mica interface CMCs. The mica coating needs to be thicker and the mica
flakes used in the powder augmented sol-gel process need to be smaller than achieved on
Contract N00014-89-C-0164. When this is accomplished, the mica interface will be uniform,
continuous, and of sufficient thickness to function as the debond layer in a ceramic matrix

composite.

Therefore, the overall thrust of this work on sheet-silicate interface CMCs is to achieve a fully

micaceous phase at the interface, with minimum in situ carbon formation, that is of sufficient
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thickness to promote debonding and fiber pullout mechanisms resulting in good CMC
mechanical properties. The following sections review all of Corning’s relevant work in this area.
Early work on this contract is discussed. Concurrent work on another Air Force program
involving these CMCs is summarized. Final work on the present program is then presented,
leading to identification of the most promising mica-interface CMCs. This path of investigation
involves various combinations of mica composition, mica coating process steps, matrices used,

and hot-consolidation process temperatures.

5.3 Initial Process Studies

Initial process studies involved choice of mica composition, fiber coating and prepregging
processes to yield optimum mica fiber coatings. Table 5 presents the variety of mica types
considered. Potassium fluorophlogopite (KFP) and barium disilicic mica (BDM) were the micas
chosen for investigation. This was based on their refractoriness, and included two levels of

interlayer bond strength.

The major thrust of early work was to develop process technologies to increase the mica layer
thickness (to achieve an interfacial fracture energy low enough to facilitate the debond and
pullout process necessary for high CMC strength and toughness). It was thought that a coating
thickness of ~1pm would be needed. Initial attempts were made to accomplish this for barium
disilicic (BDM) and potassium fluorophlogopite (KFP) sol-gel mica fiber coatings by increasing
the solids content of the sol and adding melt synthesized mica particulates to the sol. The sol
serves as a binder for the particulate, but high sol content promotes fiber bridging. The
particulate (prepared by powdering a melt synthesized mica glass-ceramic) reduces bridging, but
high particulate level leads to loss of coating (in the limit, a colloidal particulate coating).

Therefore, the optimum combination of sol and particulate was sought.

(a) Thick Particulate Augmented Sol-Gel Mica Coatings:

Although (2s+12P)* sol + particulate mica coatings were >1 um thick, as desired, interfaces in

* An internal designation referring to solids content and amount of particulate augmentation

employed.
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processed MAS matrix CMCs were very nonuniform, indicating deficiencies in our fiber coating
and/or prepreg process. This is shown in Figure 79. Additionally, the thick BDM or KFP mica
coatings did not consolidate well. For barium-stuffed cordierite matrix CMCs processed at 975°-
1150°C, billet density decreased with increased mica content, and was lowest for the highest
processing temperature, as shown in Figure 80. Although mechanical properties increased with
coating thickness at room temperature, the properties at 1200°C showed decreased strength and
increased deformation with increased coating content, shown in Figures 81 and 82. TEM thin
foil examination (Figure 83) revealed glass and porosity at the interface, and evidence of an
enhanced diffusion zone at the fiber surface in samples exposed for 100 hr at 650°C (Figure 84).
SEM examination revealed pitting of the fiber under the mica coating (Figure 85). Mica
appeared to be reactive with the fiber, and very sensitive to the air environment, as TEM
examination of Nicalon/BaMAS CMCs without mica coatings exhibited no such indication of
reactivity at the interface as shown in Figure 86.

Although mica appeared to be reactive in the composite, the results are clouded by the failure of
the mica to consolidate, resulting in interfacial paths for accelerated environmental ingress into
the microstructure. The porous regions at the interface, and resultant potential for oxidation,
precluded a definitive assessment of the inherent reactivity of mica, and its worth as an

interfacial debond layer in the composite.
(b)  Thinner Sol-Only Mica Fiber Coatings:

Thinner mica fiber coatings without the particulate mica additions, but with increased solids
content to increase coating thickness, were distinctly more promising. For instance, sol-only
(3S) barium disilicic mica interface Nicalon/MAS cordierite CMCs had less than 1% open
porosity, and exhibited reduced environmental influence in comparison to CMCs with the
particulate augmented sol-gel coatings. Such CMCs exhibited fairly temperature invariant
strength and toughness (failure strain), as shown in Figure 87. This suggests that the inferior
performance for the thick (2S+12P) particulate augmented mica fiber coatings were indeed due
to the porous nature of the CMC microstructure, and not to thermochemical incompatibility of
the mica per se. However, even MAS matrix CMCs employing the more promising (3S) sol-
only BDM mica fiber coatings suffered significant degradation in flexural properties after long
term unstressed exposures at intermediate (650°C) and elevated (1250°C) thermal exposures in

air, as shown in Figure 88.
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FIGURE 79. SEMs OF (2S+12p) BDM COATING ON Nicalon FIBER,
SHOWING VERY THICK COATING WITH MASSIVE
AMOUNT OF PARTICULATE PHASE. SOME
CONTACT BRIDGING IS PRESENT
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These results demonstrated that the 3S sol-only mica fiber coatings, with solids content increased
from earlier coatings, are the most promising route to increased interfacial thickness in processed
CMGCs. This technology was introduced to the program as discussed in Section 5.5. First,
however, concurrent work on another program developed the importance of using lower
temperature processing, and switching to a BSG-doped MAS cordierite matrix, as discussed
below.

5.4 Concurrent Work on Pratt & Whitney Ceramic Composite Component
Demonstration (C3D) Subcontract to Air Force Flight Dynamics Directorate
Contract F33615-87-C-3222

Using the results of the previous section as a guide, the development of mica interface CMCs
‘was continued on the C3D Subcontract from Pratt & Whitney under Contract F33615-87-C-3222,
where the thrust of the work was the development of dielectric/structural CMCs. In that case,
particularly close attention was given to the development of the in situ carbon layer in processed
CMCs, and removal of certain elements from the matrix known to promote its development. In

the process of doing that, BSG-doped MAS CMC matrices were examined.

The following sections detail (1) the process window studies conducted to avoid in situ carbon
layer formation, and (2) the success of BSG-doped MAS matrices. This work was then

transitioned to the present program as described in Section 5.5.
5.4.1 Insitu Carbon Layer Development

For mica to be an oxidatively stable debond layer in the CMC microstructure, it is critically.
important to avoid formation of the in situ carbon layer when using commercially available SiC
fibers such as Nicalon. The presence of an in situ carbon layer will cause embrittlement effects,
and will prevent direct observation of mica layer influence on mechanical properties. The former
event would obviate the advantage of having mica at the interface, and the latter inhibits
development of an optimum mica composition/process, since individual mica and carbon effects

are not isolated.

Consequently, development of the in situ carbon layer as a function of process temperature was

examined.™ For convenience, uncoated Nicalon/5% BSG-MAS cordierite matrix CMCs (the

* The primary reason for doing this on the C3D program was to achieve low dielectric properties.
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importance of BSG-doped MAS matrices will be explained below) were processed at several
temperatures from 975° to 1250°C (specifically, 975°, 1075°, 1150°, and 1250°C). Uncoated

fibers were used, since the main objective was to determine, by measurement of mechanical and
electrical properties, the process window boundaries for avoiding formation of the in situ carbon

layer when using CG-Nicalon fibers with MAS cordierite based glass-ceramic matrices.

The room temperature stress-strain behavior of these [0°/90°] cross-ply CMCs is shown in Figure
89, and the room temperature flexure strength is plotted as a function of process temperature in
Figure 90. It is seen that there is a direct relation between mechanical performance and process
temperature. Processing at <1075°C resulted in composites that were distinctly lower in strength
and failure strain than CMCs processed at >1150°C. We speculate that the in situ carbon layer is
not fully developed for process temperatures <1075°C; however, there appears to be an incipient

carbon layer in those low temperature processed CMCs, since they are not completely brittle.

The appearance of the fracture surfaces, or rather the progression of the fracture process, for
these CMCs corroborates this conjecture about the in situ carbon layer forming more completely
as the process temperature is increased. The two CMCs processed at <1075°C exhibited fibrous
initial tensile fractures followed by extensive multiple shear propagation nearer the neutral axis
of the flexure beam. The latter failure mode is normally associated with the existence of a fully

developed and mechanically functional carbon layer.

Room temperature X-band (8-12 GHz) dielectric constant data measured at Pratt & Whitney
tends to confirm the speculation about the development of the in situ carbon layer as determined
by process temperature. The dielectric constant is plotted vs. process temperature in Figure 91,
where it is shown that the dielectric constant increases monotonically with process temperature,
consistent with the development of an in situ carbon layer. The direct relation of mechanical and

electrical performance of CMCs processed at different temperatures is shown in Figure 92.

Figure 93 presents the high temperature strength and failure strain for the CMCs processed in
this overall set of experiments. It is interesting that the properties at elevated temperature are
independent of process temperature. Our interpretation of this is as follows. As discussed above,
the good strength and failure strain at RT for the CMCs processed at 1150° and 1250°C is
because a functional in situ carbon layer formed, and the poor RT properties for CMCs processed
at 975° and 1075°C are because the in situ carbon layer only partially developed. At high
temperature, the behavior of the CMCs processed at 975° and 1075°C does not change from RT

levels, since there is nothing in the composite microstructure that is changing with temperature;
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there is no well-developed in situ carbon layer to begin with.* The properties remain relatively
low, as they were at RT.

For the CMCs processed at 1150° and 1250°C that exhibit good RT properties (since a fully
developed carbon layer is present), the high temperature properties show a significant
degradation. This degradation is due to oxidation embrittlement, removal of the carbon layer by
oxidation at high temperature. Note that there still is embrittlement with these CMCs since the
interface is predominately carbon, but the degraded properties are still rather good (as shown in
Figure 93), since the carbon layer is boron-modified, and BSG-glazed (the matrix is BSG-doped
MADS).

It is perhaps not too suprising that the high temperature properties are the same for all process
conditions. All CMCs at high temperature will have the same partially developed in situ carbon
layer. The low temperature-processed ones have it since it never developed completely during
processing; the high temperature-processed ones have it since it was there originally, but was

partially removed by oxidation embrittlement.

Direct microstructural evidence of the development of the in situ carbon layer as a function of
process temperature is provided in the TEM micrographs shown in Figure 94. As the process
temperature is increased from 975° to 1250°C, it is observed that the character of the interface
and fiber near-surface regions changes significantly. The light phase in the interface would
normally be associated with a developed carbon layer, but no electron diffraction was performed
to confirm that. The major microstructural feature at the interface associated with the
progression of process temperatures from 975° to 1250°C is the increased evidence of a diffusion
zone near the fiber surface. This is shown in Figures 94(a-d), and is thought to be the diffusion
of free carbon to the fiber-matrix interface during CMC processing. This free carbon (i.e., the in

situ carbon interface) is responsible for the mechanical and electrical behavior of the CMCs.

* Dielectric data (e. g., Table 6) and mechanical property data we have observed for a variety of
CMC systems indicates that formation of the in situ carbon layer occurs mainly during hot
consolidation, and not during subsequent thermal exposure; the microstructure of the CMC is
locked-in during processing; it is not formed during exposure, but an existing one can be
removed by exposure, by oxidation embrittlement.
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Having therefore shown that formation of the in situ carbon layer can be avoided by low
temperature processing, it is important to also investigate the character of the glass-ceramic
matrix that has been processed at such low temperatures. It is of particular interest to determine
if the matrix has fully consolidated, and whether it is highly crystalline. The former aspect is
important for avoiding environmental ingress through a porous matrix; the latter is important

from a refractoriness or upper use temperature standpoint.

Accordingly, density and XRD measurements were made on the CMCs from this study. Table 7
illustrates that even at such low process temperatures, the composites are consolidated to full
density. The slightly higher density for the lowest process temperature, 975°C, is typical
crystallization behavior for cordierite glass-ceramics. The glass is more dense than the
crystalline form (expanded cage structure); the implication here is that for 975°C processing, a
slight glassy phase is probably present in the matrix microstructure. However, it is only present
in a small volume fraction, and not expected to adversely affect refractoriness. This is confirmed
by XRD results, presented in Figure 95, which show that identical cordierite X-ray patterns are
exhibited by CMCs processed from 975° to 1250°C. This means that highly refractory CMCs
can be achieved through low temperature processing, without the necessity of post-processing
heat treatment to crystallize the glass-ceramic matrix (i.e., no ceram cycles). This fact is also
confirmed by the stress-strain behavior shown in Figure 89. CMCs processed at all temperatures
from 975°-1250°C had the same elastic modulus. Ultimate strength and failure strain are solely
determined by the character of the in situ carbon layer.

These experiments have demonstrated that processing <1075°C does not produce a significant in
situ carbon layer. As discussed above, the ability to accomplish that is essential to utilizing mica
interface technology to produce oxidation embrittlement resistant CMCs.

5.4.2 Improved BSG-doped MAS Cordierite Matrices

The combination of mica interfaces with BSG-doped MAS cordierite matrices was first
investigated in Corning in-house research several years ago. Early vintage materials of this type
exhibited promising mechanical properties at high temperature (1100°-1200°C), but also had
significant degradation at intermediate temperatures (650°C). Processing of those CMCs was at
>1100°C, and therefore, an undesirable in situ carbon layer was present. Additionally, the
barium disilicic (BDM) mica used was of low solids content, and thus the sol-gel fiber coating

was too thin to be effective. Also, the BSG-dopant content of the matrix was only 2.5%, too low
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o Table 7
DENSITY OF UNCOATED CG NICALON/5% BSG-MAS CMCs
VS. PROCESS TEMPERATURE

Process Temperature ("C) CMC Density (gecm-3)

975° 2.660
1075° 2.616
1150° 2.617

1250° | 2.611
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to be effective in limiting carbon layer formation and boron-modifying the carbon that did form

at the composite fiber-matrix interface.

In Corning’s C3D subcontract under Contract F33615-87-C-3222, various improvements in mica
coating and processing technology were implemented, especially (a) higher solids content sol-gel
mica fiber coatings (that were developed earlier in this program), (b) low temperature (975°C)
processing to avoid carbon layer formation, and (c) higher BSG content, to 5-6% BSG-dopant
level in the Ba-MAS cordierite matrix, to further inhibit carbon layer formation. (It was shown
earlier in this program that BSG dopants tended to reduce the thickness of the in situ carbon
layer.) Additionally, matrix compositions were examined where arsenic fining agents were
removed, since it had previously been shown that As tended to promote carbon layer
development.m The removal of Nb nucleation additives from the matrix was also investigated, to

eliminate potentially unstable secondary phases (i.e., NbC).

Initial experiments focused on 975°C low temperature processing of a variety of [0°/90°] cross-
ply CMCs, employing both BDM barium disilicic and KFP potassium phlogopite mica
interfaces, made of high solids content sols with little or no particulate mica addition (following
the results discussed above). It was found that K-MAS matrix CMCs gave similar poor results in
comparison to the Ba-MAS matrix CMCs investigated on the subject program. It was also found
that BSG-doped MAS matrices were apparently more thermochemically compatible with mica,
since distinctly better mechanical properties were obtained. The benefit of the mica interface
was directly shown for BSG-doped MAS matrix composites through use of appropriate uncoated
control samples. The screening results for the mica coated BSG-containing MAS cordierite
matrix composites are shown in Figures 96 and 97. Note that unlike the CMCs produced earlier
on this contract, these CMCs were of [0°/90°] laminate orientation, and so their high strengths
are even more significant in comparison to results for previous unidirectional non-BSG-doped
MAS cordierite matrices. Therefore, the strengths and failure strains shown in Figures 96 and 97
for these mica interface CMCs were judged fairly promising. Only limited fiber pullout was
exhibited by these CMCs, as shown in Figure 98. However, no degradation was observed in 100
hr/1000°C extended thermal exposures that were of particular interest on the C3D program, as
shown in Figures 99-101.

The CMC that was judged most promising was a (3S) BDM mica coated CG-Nicalon/6% BSG-
MAS cordierite, the matrix free of Nb and As compounds that might have deleterious effects on
either the mechanical or the electrical performance of the CMC. This downselect was made after

careful consideration of mechanical as well as electrical property data (in as-processed, high
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temperature, and environmentally exposed conditions). The microstructure of interfacial regions
of that CMC is shown in the TEM thin foil micrograph shown in Figure 102. It is observed that,
unlike previous mica interfaces produced earlier on this contract, the interfacial mica is highly
crystalline and free of bubble porosity. This is apparently a consequence of increased
thermochemical compatibility with BSG-containing matrices. Also note in Figure 102 the
absence of any in situ carbon layers; this is a direct consequence of the low temperature
processing employed. Strengths and failure strains of this downselected CMC are provided in
Figures 103 and 104. These promising properties are a result of the high quality mica interface
achieved.

5.5 Mica-Interface Nicalon/BSG-doped MAS CMCs

Having demonstrated under the C’D effort that low temperature processing of mica interface
CMCs employing BSG-doped MAS cordierite glass-ceramic matrices exhibited promising
mechanical properties, variants of those CMCs were investigated on the present program. In
particular, it was of interest to more comprehensively investigate intermediate temperature
oxidation effects for improved mica interface CMCs, since the presence of mica, and the absence
of in situ carbon, could be the solution to the intermediate temperature oxidation embrittlement

problem that plagues all CMCs with carbon-rich interfaces.

Additionally, other commercially available SiC fibers were investigated to determine the
possible effect of lower oxygen content, since previous mica work showed reactivity at the mica
interface that appeared sensitive to oxidative environments. Along that same line, potassium
phlogopite mica was included, along with the downselected barium disilicic system. This was
done, since early non-optimized KFP mica systems did not appear to degrade in extended

thermal exposure tests as much as the BDM mica containing CMCs did.

Accordingly, a series of [0°/90°] cross-ply CMCs were produced, with processing at 975°C, with
both (3S) BDM and (2S) KFP mica interfaces (the highest sol-only solids contents thus far found
achievable). Three fibers were employed: (1) CG-Nicalon, containing ~11% oxygen, the
downselected fiber from the C3D program, (2) low oxygen (1-2%) Hi-Nicalon, and (3) the more
handleable (and possibly interchangeable) Tyranno LOX-M fiber, containing ~13% oxygen,
similar to CG-Nicalon. The test protocol involved (1) room temperature, intermediate
temperature, and elevated flexure testing of as-processed CMCs and (2) 100 hr thermal
exposures at those same intermediate and elevated temperatures, followed by measurement of the

residual room temperature flexural stress-strain behavior.
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We attempted to answer three questions in this study:

1) Does a mica interface offer a viable solution to the intermediate temperature
embrittlement problem?

2) Which mica, BDM or KFP, is more promising?

3) Which fiber system, with a mica interface, would be the choice in a downselect to the
most promising single CMC for future investigation?

5.5.1 Uncoated Baseline CMCs

Three uncoated baseline composites were made, one for each of the three reinforcing fibers used
in the study. All were fully dense (as were all the coated fiber CMCs produced). The flexural
stress-strain behavior of these uncoated baseline CMCs is presented in Figure 105. All are
similar in one primary way: the ultimate strength and failure strain increased substantially with
test temperature, progressing from low strength and brittle at 25°C to high strength and failure
strain above 1000°C. This appears to be a characteristic of low temperature processed CMCs, as
has been observed in other CMCs produced at Corning. It is thought to be a real affect of
temperature, and not simply caused by the development of the in situ carbon layer as the
temperature is increased. Support for this view is shown in Figure 106, where the stress-strain
behavior of uncoated CG-Nicalon/6% BSG-MAS (also processed at 975°C) is plotted in three
conditions: (1) as-processed material at room temperature, (2) as-processed material at 1100°C,
and (3) the residual room temperature behavior after thermal cycling to 1100°C and back to room
temperature. It appears that the improved mechanical properties at high temperature are not due
to the development of an in situ carbon layer (otherwise, the properties of the thermally cycled

sample would have been higher).

Considering other aspects of the uncoated baseline CMCs shown in Figure 105, it is noted that
the Tyranno LOX-M CMC has the most temperature invariant behavior, especially in terms of its
elastic modulus. The highest elastic moduli were obtained for the Hi-Nicalon reinforced CMC.
It had the highest elastic modulus at 1200°C, and exhibited no permanent deformation. The CG-
Nicalon CMC had the most elastic modulus loss with temperature, and exhibited slight
deformation at 1200°C. These observations with respect to refractoriness are consistent with the

relative oxygen contents for these three reinforcing fibers.
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5.5.2 Mica Coated CMCs: As-Processed Behavior

Barium Disilicic Mica: The flexural strength and failure strain of as-processed (3S) BDM mica-
coated SiC fiber/6% BSG-MAS cordierite CMCs is provided in Figure 107, where comparison is
made to the baseline uncoated CG-Nicalon reinforced CMC. It is observed that all CMCs
exhibited similar behavior, i.e., they were low strength and brittle, except the one reinforced with
CG-Nicalon. That CMC was the only one that exhibited high strength and toughness, and was
particularly good at low and intermediate temperatures. Consistent with this, the fracture of the
BDM-coated CG-Nicalon CMC was distinctly fibrous at 25°C, and progressed to splintery at
500°C to woody at higher temperatures. In contrast, the BDM-coated Hi-Nicalon and Tyranno
LOX-M CMC:s all exhibited fairly brittle failures.

Figure 108 presents the stress-strain behavior of these CMCs at all test temperatures. When
these curves are compared to those of uncoated baseline CMCs for the three fibers, very similar
behavior is observed. The predominant effect is one of increased strength and toughness as the
test temperature is increased. With the possible exception of the CG-Nicalon sample, either the
mica is not thick enough at the interface, or its presence has little to do with the performance of
the CMCs.

For all three reinforcing fibers, permanent deformation of the flexure bars was experienced at
lower temperatures (~100°C lower) than exhibited by the respective unreinforced baseline
samples. The BDM mica-coated Hi-Nicalon and LOX-M Tyranno CMCs experienced only
slight permanent deformation at 1200°C, in contrast to the significant deformation experienced
by the BDM mica-coated CG-Nicalon CMC. However, since they were also brittle at room
temperature, the quality of the mica coating (i.e., uniformity, continuity, thickness) on those
CMCs is questionable. Analytical electron microscopy was not conducted for these CMCs. It is
recognized that without such investigation, only limited conclusions can be made regarding the
performance of the CMCs tested.

Potassium Phlogopite Mica: The behavior of the potassium phlopogite (KFP) mica interface
CMCs was similar, with generally the same property trends observed, as shown in Figures 109
and 110. Note that the only KFP mica-coated CMC to possess high strength and toughness at
room and intermediate temperatures was the KFP mica coated CG-Nicalon/BSG-doped KMAS
composite. This was a special matrix that combined the BSG dopant with a potassium stuffed
cordierite matrix (all other matrices were barium-stuffed cordierite). This matrix was thought to
be more refractory with KFP mica, and will be discussed below.
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5.5.3 Thermally Exposed CMCs: Mica Interface and Uncoated

In this study [0°/90°] cross-ply CMCs were thermally exposed (in air), since interface pipeline
embrittlement effects have been most readily observed in such CMCs with in situ carbon phases
most directly exposed to the oxidative environment (short path length from a machined sample

edge along interface of 90° plies). All samples were exposed unstressed.

Uncoated Baseline CMCs: After 100 hr exposure, uncoated baseline samples (which are low
strength and brittle to begin with since they were processed at low temperature and have no in
situ carbon layer) start to exhibit visual effects of oxidation at 1100°C, where glassy bubbles are
typically observed on 90° plies on the machined sample edge. This indicates that the fibers are
oxidizing and producing a gaseous reaction product. The accepted oxidation reaction for SiC is:

SiC + 3/2 Oy = SiOy(s) + CO(g)

The effect is not related to the formation of the in situ carbon layer for Nicalon SiC fibers, since
we have demonstrated that the same effects of bubbles present on the edges of 90° plies occurs in
exactly the same manner for CMCs with a carbon layer as it does for CMCs without a carbon
layer (i.e., for the CMCs processed at 975°-1250°C described in Section 5.4.1 above).

For extended thermal exposures at higher temperatures, 1200°C, significant distress is present:
glassy/crystalline scale product on all sample surfaces, with significant evidence of a gaseous

reaction product (bubbles).

Barium Disilicic Mica-Interface CMCs: The residual flexural strength and failure strain of
various (3S) BDM mica-coated SiC fiber CMCs are provided in Figure 111. It is observed that
the same CMC that looked promising in fast fracture tests is somewhat promising after extended
exposure at intermediate temperatures, the BDM coated CG-Nicalon CMC. All other CMCs
exhibited poor mechanical properties after thermal exposure; however, since their as-processed
properties were not good, their poor performance after thermal exposure can not necessarily be

the result of oxidation.
Note the one CMC that did not suffer intermediate temperature embrittlement had the poorest

properties after high temperature (>900°C) thermal exposure. Thus, the mica interface concept

appears to have the potential of solving the intermediate temperature embrittlement problem, but
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seems to result in reduced performance at temperatures >900°C. The physical appearance of the
thermally exposed samples corroborate this. Significant scale/bubble formation was noted for all
100 hr thermally exposed BDM coated fiber composites (i.e., for all three fibers) at 100°C lower
than observed for the respective uncoated baseline CMCs (i.e., after 100 hr/1000°C exposure).

Figure 112 presents the flexural stress-strain behavior of as-processed and thermally exposed
samples of the best performing CMC: (3S) BDM mica-coated CG-Nicalon/6% BSG-doped MAS
cordierite. Note in Figure 112(a) that the stress-strain response for samples thermally exposed in
the intermediate temperature range (500°-700°C) were even better than in the as-processed

condition. Figure 112(b) shows the decrease in performance in samples thermally exposed at
900°C and 1100°C.

Potassium Phlogopite Mica Interface CMCs: The residual strength and failure strain of
thermally exposed samples containing the KFP mica interface are provided in Figure 113. In this
case, note that the low oxygen content Hi-Nicalon CMC was somewhat promising under
conditions of extended unstressed exposures at 900°C and above. This might be the result of its
low oxygen content. Note also that the best performing CMC overall was the KFP mica coated
CG-Nicalon reinforced BSG-doped K-MAS cordierite matrix. This CMC had a potassium
stuffed cordierite matrix as mentioned above. This particular CMC appears to have good thermal
durability over the entire temperature range, from intermediate to very high temperatures, as
shown in Figure 113.

There is a plausible reason for the improved thermal durability exhibited by the CMC that
combined a KFP mica interface with a K-MAS cordierite matrix. Recall from earlier work that
the extensively investigated particulate augmented BDM mica fiber coatings resulted in glassy
interfacial regions with significant bubble porosity. KFP mica systems were not as extensi?ely
studied, but there appeared to be less evidence of a glass phase at the interface in CMCs that
combined a KFP mica interface and a K-MAS matrix. A KFP mica coated Nicalon/K-MAS
CMC, one of the more promising CMCs from that earlier study, was subsequently subjected to
unstressed extended thermal exposure at various temperatures. The results were compared to
previous BDM-mica coated CMCs, and demonstrated that the KFP mica/K-MAS matrix
composite suffered only minimal degradation of properties after extended thermal exposure
(even though the matrix contained no BSG doping, and the process temperature was 1075°C,
slightly higher than is presently considered optimal).
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Therefore, the results presented in Figure 113 for the more optimal BSG-doped K-MAS matrix

CMC that was processed at only 975°C are consistent with the previous data. In the present case,
the KFP mica/BSG-doped K-MAS combination gave less permanent deformation and less
evidence of reactive gas evolution as well. To summarize, the presence of bubbles on the edges
of 90° plies indicates gas evolution and a glassy reaction product or surface scale. The

temperature where this is first noticed on 100 hr exposed samples (CG-Nicalon fiber) is:

Uncoated BSG-doped Ba-MAS matrix CMC: 1100°C
BDM mica/BSG-doped Ba-MAS matrix CMC: 1000°C
KFP mica/BSG-doped Ba-MAS matrix CMC: 1100°C

KFP-mica/BSG-doped K-MAS matrix CMC: 1200°C

The reactivity of KFP mica systems is less than for the BDM mica systems, especially when a K-
MAS or BSG-doped K-MAS matrix is present. We speculate that this is because the probable
reaction product for a KFP/BSG-doped K-MAS couple would be a refractory and very viscous
potassium borosilicate glass, instead of the fluid barium borosilicate glass that might have
formed for a BDM mica/BSG-doped Ba-MAS couple. This reaction requires oxygen/silica,
which is present as the SiC fiber oxidizes, or in the case of the particulate augmented sol-gel
fiber coatings, through environmental ingress made possible by the porous nature of the
particulate mica containing coating. Another factor contributing to the stability of the system is
the inherent stability of the K-MAS glass-ceramic matrix itself, in comparison to the Ba-MAS

matrix (Ba more mobile than K).

We did not pursue any of the KFP mica fiber coatings at the time of the earlier study on this
program, since the BDM barium disilicic mica system appeared more readily crystallized in
TEM studies. The present results would perhaps indicate it prudent to re-look the KFP mica
fiber coating, in view of its improved thermochemical compatibility and thermal durability when

used with potassium stuffed cordierite matrices.
5.6 Summary Of Results: Mica Interface CMCs

Processing at low temperature, 975°C, resulted in fully dense, fully cryétalline BSG-doped
cordierite. CMCs, with no evidence of the in situ carbon layer detected in thin foil TEM
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examination. Mica sol-gel fiber coatings were found necessary for high mechanical strength and
toughness; mechanical properties for such low temperature processed CMCs were significantly
better than their uncoated control CMCs. The best mica coatings contained no precrystallized
particulate mica components. Rather, high solids content sol-only mica coatings were more
durable and mechanically functional. Even so, the mica fiber coatings were found, in general, to
be nonuniform and noncontinuous. However, the effect of this on mechanical properties and

inter- or intra-panel variability was not investigated.

Only when using BSG-doped MAS cordierite matrices were fiber-mica interfaces distinct and -
free of bubble porosity, indicating good thermochemical compatibility. The two most promising
mica interface CMCs developed were:

(3S) BDM-coated CG-Nicalon/6% BSG-doped Ba-MAS (€))

(2S) KFP-coated CG-Nicalon/5% BSG-doped K-MAS )

CG-Nicalon was the most successful fiber used with mica; Ti-containing Tyranno LOX-M and
low oxygen Hi-Nicalon did not yield particularly promising mica interface composites, although
no interfacial microscopy was performed to investigate possible causes. The result for low
oxygen SiC fiber was particularly unexpected, given that mica has been shown to be

thermochemically compatible with pure SiC.

The strength, failure strain, and stress-strain behavior of the BDM mica/Ba-MAS matrix CMC
(#1 above) indicate significant loss of refractoriness at 1200°C. It is suspected that mica is still
somewhat reactive, and that a fluid barium borosilicate glass at the interface might be responsible
for this (not investigated by AEM). An all-potassium system, KFP mica coupled with a K-
stuffed MAS matrix, might form more refractory reaction products (a higher viscosity glass), and
therefore, a variety of KFP mica-coated CG-Nicalon composites were also investigated. The
(2S) KFP mica-CG-Nicalon/5% BSG-K-MAS CMC system was the most promising, although it
also exhibited refractoriness limitation at temperatures greater than 1100°C.

TEM studies of mica interface CMCs readily found BDM mica at the interface, but finding large
grains of crystalline KFP in the microstructure was more difficult. With the above comments
regarding the increased glass associated with mica in mind, it is possible that one of the
mechanisms operable with mica interface CMCs is a glaze coating at the interface that protects

the fiber but deforms at elevated temperatures.
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The most important aspect of these studies, however, was the unstressed oxidation exposures at
intermediate temperatures. The two aforementioned CMC systems (#1 and #2 above) were the
most promising, as shown in Figure 114, which presents the residual RT strength and failure
strain after various 100 hr exposures at both intermediate and high temperatures. Perhaps the
most promising is the all-potassium KFP mica-coated CG-Nicalon/5% BSG-doped K-MAS
cordierite CMC. That CMC experienced only slight degradation in performance after both
‘intermediate and high temperature thermal exposures. This demonstrates that the mica interface

concept is a potentially viable solution to the intermediate temperature embrittlement problem.

In summary, when mica was present in sufficient thickness to benefit room temperature
properties, the high temperature properties diminished, especially the amount of permanent
deformation experienced in flexure tests. In a similar manner, the presence of mica in the
microstructure usually resulted in more glass at the interface, and increased evidence of gaseous
reaction products (although that was minimized with the CMC system employing KFP mica and
a BSG-KMAS cordierite matrix).

The keys to achieving the promising mechanical properties of these CMCs are: (1) the use of
mica as a debond layer, (2) the use of thermochemically compatible BSG-doped Ba- or K-MAS

matrices, and (3) the use of low temperature processing (975°C) to preclude in situ carbon layer
development with commercially available Nicalon fibers. Such CMCs experienced no, or only
minimal, intermediate temperature oxidation embrittlement effects in long term oxidative

exposures.
Mica interface CMCs have been demonstrated on this program to be a potential solution to the

intermediate temperature embrittlement problem, but at the expense of some refractoriness.

They show promise, but are at a very early stage of development.
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6.0 Conclusions

The objective of this program was to develop thermally durable CMCs with enhanced structural
properties. Two approaches were investigated: (1) mica-interface CMCs and (2) BSG-doped
MAS CMCs, with and without SiC-whisker matrix toughening.

The former material, with mica interface, has the potential to be a fundamental solution to the
oxidation embrittlement problem, but remains embryonic in maturity. Process conditions (low
temperature) were developed to eliminate carbon-layer formation, and mica layers were produced
that were of sufficient thickness to be the functional debond layer in the composite. When these
two conditions were achieved, mica-interface CMCs were demonstrated to be free of oxidation
embrittlement at intermediate temperatures. However, the sol-gel mica coatings were
nonuniform in thickness, and showed evidence of environmental reactivity at high temperatures.
These two areas require much attention for mica interface CMCs to be candidate materials for

more advanced thermal durability testing and evaluation.

The second material investigated on this program, BSG-doped MAS cordierite CMCs with SiC-
whisker toughened matrices, is much more mature and has demonstrated enhanced thermal
durability. The functional approach is to manage the problem of oxidation of interfacial carbon
by (a) boron-doping the matrix, providing a plugging/blunting protective borosilicate glass film
matrix-side of the carbon interface, and (b) reducing microcrack generation in the matrix during
mechanical loading. The latter is accomplished by (a) boron diffusion to the interface to create
thinner, more tightly bonded interfacial regions affecting shear and sliding resistance, and (b) by
SiC-whisker matrix toughening to increase the fracture energy of the glass-ceramic matrix. This
ability to alter the manner in which damage accumulates and to increase the oxidative stability of
the modified in situ-carbon interface resulted in enhanced thermostructural performance. Tensile
stress-rupture and high cycle fatigue data showed significant life, hundreds of hours, at stresses
above the elastic limit, which is the most widely accepted indicator of the achievement of
thermal durability. Additionally, the intermediate temperature oxidation embrittlement problem
was eliminated in these CMCs. Mechanistically, SiC-whisker addition to increase matrix
toughness and reduce microcracking was the dominant determinant of mechanical performance
at intermediate temperatures, whereas BSG doping to create the boron-modified interface and the

BSG protectant interfacial film (Figure 115) was dominant at elevated temperatures.

The performance of Nicalon/BSG-doped SiC, -toughened MAS cordierite CMCs has
demonstrated the validity of the concept of using physical additives and chemical dopants to
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FIGURE 115. TEM THIN FOIL OF INTERFACIAL REGION OF
NICALON/5% BSG-DOPED MAS CMC
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modify the composite microstructure to effectively manage the oxidation embrittlement problem
in carbon-interface CMCs. It is important to recognize that the enhanced thermal durability
achieved was done so by modifying the way damage accumulates in the matrix, and by
protecting the interface from oxidation. The improved thermal durability of these CMCs was
achieved without the use of either fiber coatings or external surface coatings, and therefore in a
very cost-effective and affordable manner. The thermal durability demonstrated by both hybrid
and nonhybrid versions of the BSG-doped cordierite CMC illustrates the flexibility of the glass-

ceramic matrix approach to oxidatively stable and embrittlement resistant CMCs.

The properties obtained by the Nicalon/BSG-MAS CMCs developed on this program meet Pratt
& Whitney’s generic requirements for a thermostructural material: 15 ksi usable strength at
2200°F, with a failure strain >0.5%. This generic requirement was communicated to Corning
early in the time frame of this program. Whereas these CMCs are not presently mature enough
for early incorporation into Pratt & Whitney engines, and they do not have quite the level of
performance as do competing BN-interface BAS celsian glass-ceramic CMCs, they are
sufficiently promising to be considered for inclusion in component development programs, and

are a promising low-cost approach for a thermally durable CMC.

The contributions of this program to CMC technology were many. CMCs with vastly enhanced
thermal durability were developed. Critical issues of performance deficiencies were uncovered
and highlighted by involvement of Pratt & Whitney to generate materials properties and to
provide a working definition of thermal durability. Mechanisms of behavior were adequately
identified. And finally, concepts of physical and chemical doping were demonstrated that can be
used to selectively alter the performance of glass-ceramic matrix CMCs. Thus, promising

approaches to the attainment of thermally durable CMCs were identified.
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