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Poor thermal shock and resistance to crack propagation have had a negative influence
on the acceptance of ceramics for components in air breathing engine applications. In
comparison with their metallic counterparts, they are less predictable and there is limited
historical in-use data available. They have therefore been considered primarily for non-load
bearing applications such asflaps and seals, flame holdersand covers.

A fibrous monoalith, ceramic hybrid between a SisN, core with a weak BN interface has
been evaluated for non-load bearing applications in air breathing engines where a high
degree of thermal shock resistance is required. The fibrous monolith architecture confines
damage to local regions and although the overall strength is typically reduced, the
macr oscopic damage tolerance and thermal shock resistance is improved over monolithic
SN, of similar compositions. Two different architectural scales with a cell size of 150um
and 30um were investigated. Both architectures showed a similar response with no lossin
strength when quenched from below 800°C and no loss in modulus when quenched from
1000°C into water. Cyclic thermal shock from 600°C showed no change in modulus but at
1000°C a gradual drop in the modulus was observed. Microstructural assessment of the
SisN,4 core and BN phases showed microcracking of the BN phase following thermal shock
but no discernable changesin the SisN, phase. Thethermal shock resistance of the FM SisN,
/ BN structureisimproved over monolithic SizN, due to the ability of the weak BN interface
to preferentially microcrack and accommodate strain. Improved ther mal shock resistance
has been demonstrated in water quench testsaswell asin a gasburner rig test where heating
rates and temperatures more representative of those observed in engine applications have
been investigated.

|. Introduction

Ceramics can offer improved thermal capability, oxidation resistance and weight advantages over their metallic
counterparts and have for several years been considered for use in airbreathing engines. The adoption of ceramics
into this area traditionally supplied by metals has been slower than predicted, in part due to perceived risks
associated with limited data in the areas of manufacturing, performance, durability, maintenance and repair. Under
the DARPA Ceramic Insertion program continuous fiber reinforced ceramic composites (CMCs) were developed
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and evaluated for use as flaps and seals on the F-110 and F-414 engine. These metal component were targeted for
substitution by ceramics due to high maintenance costs which resulted from overheating during afterburner use and
excessive wear on the metallic parts. CMCs were selected since they offer a higher toughness than monolithic
ceramics and were capable of accumulating damage without catastrophic failure. Although now a production part,
these CMC components are expensive to produce and alternative, lower cost materials have been considered for
these and other hot section engine components such as combustors, fuel shields, flame holders vanes and blades. In
the present study a silicon nitride (SisN,) - boron nitride (BN) composite material system (sinboron) is being
evaluated for insertion as a fuel shield component in the GE 404 engine. The fuel shield is designed to prevent
premature afterburner partition failure, which has recently been identified as the leading cause of unscheduled
maintenance for this engine in the field.

The“Sinboron” fibrous monolith ceramic®,? consist of a fully dense network of polycrystalline SizN, fibers each
of which is surrounded by a sheath of weaker BN. Unlike CMCs where the weak fiber coating is very thin
(~0.2um) and the fiber surface is smooth resulting in toughening by the sliding of the fiber within a matrix material,
in fibrous monoliths the fiber coating is thick and there is no matrix phase in the conventional sense. Research has
shown that the low shear strength cell boundaries such as BN accommodate the expansions and contractions during
thermal cycling of the FM composite components, resulting in improved thermal shock resistance®* The weak
interfaces deflect cracks and delaminate and dissipate stress by a small amount of frictional diding and shear
mechanisms thereby preventing brittle failure of these composites and increasing their fracture toughness. The
mechanisms that redistribute and dissipate mechanical stress also render the composites insensitive to thermal shock.
This has been successfully demonstrated at both room and elevated temperatures 3 * >,

II. Experimental Procedure

Silicon nitride powders were blended with Y,O3; and
Al,O3 sintering aids and polymeric materials to generate the
feedrod core which was encapsulated with a BN shell to
produce the feedrods (small (2”) and large (5” in diameter))
shown in Fig. 1. The blending process is described
adequately in previous literature* °. The feedrod is extruded
down to a much smaller diameter, stacked and then extruded
through a second pass. This forms the standard FM
honeycomb structure with the BN phase continuous
throughout the microstructure. For use in propulsion
environments however, where there is a possibility of the BN
phase reacting with combustion products and becoming
brittle and glassy, a different architecture was preferred.
Following the first pass, a shell of SizN, isapplied to the first
pass bundle and extruded to generate a tertiary
microstructure where the SizN, phase is continuous and the
BN phase is fully encapsulated, thereby providing additional
protection against gaseous phases (such as moisture).
Tertiary fibers were produced with two different fiber
architecture scales (0.34mm and 2mm diameter respectively)
resulting in a cell size of approximately 50um and 500um as
shown in Fig. 2. These were generated from fibers of 0.34mm and 2mm diameter respectively. In these tertiary
microstructures the SisN, shell phase surrounding each of the SisN4 cores and BN shell bundles, is a continuous
phase which acts to protect the BN from the ingress and reaction with combustion gases.

The final extruded fiber is spooled onto a drum in a single layer of parallel fibers. This single layer of fiber is
cut along the long axis of the cylinder thereby generating a single ply, single fiber thick, uniaxially aligned layer
which can be stacked to create oriented laminate designs (such as 0°/90° or quasi-isothropic) as with conventional
composite ply lay-ups. In the present study only uniaxially aligned structures were evaluated for thermal shock
resistance. Following the layer stacking seguence to generate the required designs, the plates were thermo-
compressed to produce a solid plate and subjected to a binder burnout cycle in nitrogen and post oxidative treatment
to remove all organic binders. These plates are then mounted in a 3" by 6” wide die and hot-pressed at between
1750°C and 1800°C for 1 hour, under nitrogen with a 4kpsi pressure applied perpendicular to the laminate direction.
This resulted in a microstructure that shows a squashing of the cellsin the pressure direction as can be seenin Fig. 2




where the pressing direction was across the page. The dense plates were removed from the die, cut and machined to
size for various thermal shock tests.
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Figure 2. Optical micrographs of the large (Ieft) and small (right) filament cell samples
used in the thermal shock evaluations

Flexural strength Type B specimens were machined from the hot pressed FM material and from monolithic
SisN,4 containing the same sintering additives and processed under the same conditions. Attempts were made to
produce a monolithic plate of BN for property evaluation but consolidation was not possible and no data was
generated for the BN material. Flexural specimens were collected from 12 positions along the 6” length of the
specimen, and spatial variations monitored to evaluate processing uniformity. Early presses showed significant
process strength variations from end to end.

The samples for water quench tests were rectangular bars ~3 x 4 x 50 mm. Two batches of FMs with two
different filament sizes were evaluated and tested in four-point bending before and after the thermal shock tests.
Samples were heated to temperatures of 200, 400, 600, 800, and 1000°C, equilibrated for 30 minutes and then
dropped into a room temperature water bath to induce therma shock. Mechanical and elastic properties of the
samples were measured using bend tests and a nondestructive ultrasound technique respectively before and after
thermal shock testing to determine the extent of damage. The behavior of samples exposed to thermal fatigue was
also characterized by quenching the same samples repeatedly from 600° or 1000°C into the water bath at 25°C and
measuring changes in Young's modulus to assess the progression of damage induced by thermal fatigue.
Examination by optical metallography before and after testing was performed to characterize the nature of the
damage.

1. Experimental Results

A. Strength Comparisons

The average flexural strength of the monolithic SisN, containing similar sintering additives (Al,Os; and Y ,05) to
those used in the FM lay-ups was approximately 840 MPa. The average flexural strength of the sinboron FM
specimens was approximately 580 MPa and 550 MPa for the large and small cell configurations respectively, in a
uniaxial lay-up as summarized in Table | together with data from different fiber orientations.

Tablel. Physical and mechanical propertiesfor monolithic and FM Si;N,/BN specimens

Samplei.d. Composite Density | (%) theoretical | YoungsModulus | Flexual Strength
Lay-up (g/em®) density (GPa) (MPa)
Monolithic SizN,4 - 3.25 99.19 345+ 33 837.7+91.0
Si;N/BN FM Uniaxial arrangement 3.05 98.00 280 + na 584.0+ 80.0
Si;N/BN FM Uniaxial arrangement 3.05 98.00 250 + na 550.0 + na
SisN4/BN FM 36 layers 0°/90° 3.00 95.82 308 + 8.6 4584+ 415
SizN4/BN FM 24 layers 0°/60°/-60° 3.05 97.41 247 +194 451.6+51.4

The flexural strength of the hot pressed “sinboron” plates initially showed a lower strength overall and a
significant drop in strength at either end of the 6” long specimens. Process improvements in the binder burnout
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than that observed during the binder removal stage
led to a drop in strength around the edge of the FM
specimen plates as shown in Fig. 3. The 2™ and 3
generation materials were subjected to an extension
in the burnout schedule and also a change in the binder removal atmosphere leading to both an improvement in the
strength and a more uniform strength distribution across the entire sample, clearly shownin Fig.3.

The formation of the FM composite structure which contains approximately 17.5 vol% BN leads to a loss in
strength of approximately 20% for a uniaxially aligned composite over the monolithic material. Other lay-up
configurations such as the 0°/90° led to a further decrease in strength from approximately 580 MPa to 460 MPa as
half of the Si3N, fibers now lie orthogonal to the stress direction and do not contribute significantly to the strength.
Similarly for the 0°/60°/-60° lay-up where only one third of the fibers were aligned in the major stress direction.

The FM architecture with a smaller cell size was expected to provide a higher overal strength than the large
microstructure but actually showed a reduction in strength from approximately 580 MPato 550 MPa. One possible
cause of thisis the introduction of “flaws’ during the fiber extrusion and subsequent densification process which at
this small scale may provide regions of thicker BN sections, that could act as significant flaws at this scale.

Plate position sample #
Figure 3. Improvement in FM strength unifor mity
acrossthe 6” long hot pressed specimen

B. Thermal Shock Evaluation

The as-fabricated strengths of the large and small celled FM uniaxially aligned specimens were measured at
approximately 580 MPa and 550 MPa respectively. Following quenching into water from temperatures ranging
from 200°C to 1000°C it was observed that there was no significant loss in strength up to a temperature of 600°C for
either the small or large celled structures as shown in Fig. 4. From 800°C an approximate 10% strength loss was
observed.
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Figure4. Changein flexural strength and modulus of uniaxially aligned sinboron subjected to thermal
quench temperaturesranging up to 1000°C.
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Figure5. Changein moduluswith repeated ther mal

guenchesfrom 600°C and 1000°C —Large celled FM.

The modulus of the material was not seen to
change appreciably over the entire range of
guench temperature and remained constant at 290
GPa and 270 GPa for the large and small celled
structures respectively.

The effect of repeated thermal cycles on the
large celled structure was evaluated and the results
are summarized in Fig. 5. When quenched
repeatedly from 600°C there was no measurable
effect on the modulus which remained constant at
290 GPa, but when quenched from 1000°C a drop
in the modulus was observed. The modulus
dropped to  approximately 260 GPa
(approximately 10%) over 10 cumulative
guenches from 1000°C.

Microstructural ~ evaluation by  optical
microscopy did not identify any obvious flaws

within either the SisN4 or BN phases after thermal quench which might have led to this drop in modulus. Specimens
were sectioned and observed in directions both parallel to and orthogonal to the fiber direction as illustrated by a

typical micrograph shown in Fig. 6.
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Figure 6. Optical micrographs of the large celled FM following quenching from 600°C,
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perpendicular (Ieft) and paralld (right) to the fiber direction.

C. Responseto Bending Load

When loaded in flexure, the tertiary FM configuration showed very little load retention following initial failure.
Thisis characteristically different from the “normal” FM configuration where each of the SisN, fibers is surrounded
by a BN phase and able to slip and fail in a graceful manner. The different response of these two FM configurations
is shown in Fig. 7 and show fracture behavior substantially similar to monolithic SisN, for the tertiary FM
configuration. The “normal” graceful failure has been studied extensively by Halloran et.al. and can be seen from
the micrograph insert to be able to generate substantial load retention® even when badly damaged.

The tertiary FM configurations are able to support a greater load however, due to the continuous nature of the
Si3Ny4 shell around the individual “sinboron” fiber bundles, which must fail first in flexure before slipping of the BN
phase can be accommodated. Very little elongation is observed from the tertiary configuration which shows a rapid
drop off in strength after what appears to be the proportional limit is reached.
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Figure7. Stressstrain responsefor thetertiary (left) and normal (right) FM configurations showing a
significantly more brittle behavior for thetertiary fiber configurationstested in flexure.

V. Discussions

This work to evaluate the thermal shock response of a tertiary fiber configuration, sinboron FM material was
completed in support of a much larger effort to develop a suitable material for non-load bearing componentsin “hot
sections’ of gas turbine engines in an effort to improve durability over their existing metallic counterparts.
“Normal” FM configurations (with each of the SisN, cells surrounded by a BN shell), have been evaluated
thoroughly and have shown improved thermal shock response over monolithic SisN, specimens of the same
composition. Halloran and Y oung-Hag Koh® have shown that for quench temperature above approximately 1100°C
the FM configuration retains it's strength of approximately 300 MPa whereas monolithic SizN,4 retains very little
strength.  For materials to operate successfully within a combustion environment for many hundreds of hours
however, some form of oxidation/hydration protection needs to be applied to the BN phase to stop oxidation and the
formation of a brittle boric oxide glass. One approach was to investigate the addition of additivesto the BN phasein
order to understand and inhibit the ingress of oxygen® and the other is to investigate the formation of atertiary FM
phase where each of the primary sinboron bundles is encapsulated in a second SizN, shell, thereby leaving no BN
exposed to the atmosphere except at the ends where the section might be orthogonal to the fiber direction.

The first generation tertiary material fabricated under this effort exhibited a average flexural strength of
approximately 300 MPa and showed a wide range of property variation across the billet. This was attributed to poor
binder removal and the retention of residual carbon within the structure. Uniaxial specimens of this first generation
material were evaluated by NAVAIR (G.Richardson)’ in a gas burner test rig where they were subjected to multiple
thermal cyclesto 950°F in realistic combustion environments and shear. Following 500 cycles to 925°C the samples
showed an increase in average strength from approximately 216 MPato 235 MPain flexure. The thermal cycle was
15 seconds at RT followed by a 15 second rise time and 30 seconds at temperature. On inspection it was seen that
some of the failures occurred around regions where the BN shell had become oxidized resulting in brittle failure
across both the SizN4 and BN phases.

Later generations of specimens produced following changes to the binder removal and densification process
showed that the average strength of the tertiary FM material was improved to 580 MPa. This was compared with an
average strength of 838 MPa for a monolith Si;N, with the same sintering additives, representing an approximate
reduction in 30% for the uniaxial tertiary FM configuration over that of the monolithic. While a direct comparison
between the FM and monolithic ceramic materials was not measured in this study, previous work by Halloran® had
shown that the thermal shock resistance of the FM configuration is superior due to microcracking of the BN and the
ability of the BN to accommodate strain thereby minimizing or delaying the formation of cracks of a critical scale.
In the present water quench study very little difference was observed between the response of the tertiary FM
configuration with a large (150um) cell and small (30um) cell size. The large cell size showed a higher strength
(580 MPa vs. 550 MPa) and dlightly higher modulus (290 GPa vs. 270 GPa) over the smaller cell size specimens
respectively. It isthought that this might be due in part to alarger number of fiber imperfections or thinning of the
BN shell in the smaller celled specimens, due to inconsistencies in the coextrusion process at the smaller scale.
During quenching at temperatures up to 600°C no change in either the strength or modulus was measured for either
cell size. For a quench temperature of 800°C a dight drop in strength (approximately 10% which might be
statistically significant) was observed. At 1000°C a noticeable drop in strength was observed for both the small and
large celled materials although there was no measurable drop in modulus. When exposed to multiple (10) thermal



cycles from 600°C no change in elastic modulus was observed, but a small and continuous drop in the modulus was
measured from 1000°C. It is expected that this is a result of small accumulations of damage throughout the FM
microstructure within the BN phase. No damage was observed within the SisN, phase following the 1000°C
guench, but with multiple quenches this may also be a potential failure mechanism.

The formation of atertiary FM configuration while offering some additional protection to the BN phase against
oxidation in combustion environments, reduces the overall toughness of the material and appears to significantly
reduce graceful failure in response to bending loads, as would be expected. The tertiary configuration however, still
offers good resistance to thermal shock to a temperature up to approximately 800°C. The water quench method
used to rapidly change the sample temperature is a very severe thermal shock technique due to the high thermal
capacity of the water which unlike combustion gases can accommodate large amounts of heat and therefore giverise
to a very rapid change in temperature within the specimen. In an engine configuration it is also expected that the
guench would only occur from one surface. In the water quench method the complete skin of the specimen would
be put into tension as the sample shrinks around a hotter interior once again providing a more severe thermal shock
environment than that expected in engine use.

The ability to orient different fiber layers while further reducing the overall strength along a specific axis, add
the ability to design to accommodate for a range of predicted stress configurations. Selected architectures have been
fabricated and are presently awaiting engine testing as a non-load bearing fuel shield component that will reduce
maintenance time and cost.
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