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1.0 EXECUTIVE SUMMARY

The feasibility ot silicon carbide composite structure:s ras evaluated
for 1644 K (2500° F) pas turbine seal applications. The ceramic shroud
materials evaluated in this program consisted ot $i/$iC (Silcompl™) com-
posite and sintered SiC substrates, both with attached surface rub layers
containing BN as an additive. Later on, BN-free Si/$iC surface layers wer
added for evaluation. These substrates and rub layer materials were devel
oped at General Electric's Corporate Research and Development Center. The
program was accomplished in four tasks.

In Task I a total of 28 BN-containing rub layer candidates with varia-
tions in substrate type and density, and layer chemistry, density, microstruc-
ture and thicknesses were evaluated for abradability, cold particle erosion
resistance, 1644 K (2500° F) static oxidation resictance, ballistic impact
resistance, and fabricability.

In Task II nine variations of BN-free $i/SiC layer materials with varia-
tiors in density and pore size were similarly evaluated. 1In Task III, the
most promising candidates were evaluated in Mach 1.0 gas oxidation/erosion
tests.

The Task I evaluation showed promise for 1644 K (2500° F) gas turbine
seal application for four BN-containing ceramic shroud systems. A typical
microstructure of BN-coataining layers with $iC derived from graphite powder
1s shown in Figure 1. Figure 2 shows the microstructure of the layer attached
to a Silcomp™ substrate. The BN-containing rub materials showed a marked
improvement over the baseline material, Bradelloy 500, in all the laboratory
evaluations. Figure 3 compares the static oxidation data of BN-containing
and BN-free layer materials with Bradelloy 500,

The Task II evaluations of BN-free $1/Sit. rub layer materials showed that
BN-free materials have better abradability, cold particle erosion resistance,
1644 K (2500° F) oxidation resistance, and ballistic impact resistance than
the BN-containing Si/SiC rub layers. However, BN-free layers could not be
evaluated in rig tests due to the lack of a bonding technique for attaching
the layers to dense ceramic blocks. A NASA-Lewis/Solar-suggested technique
which utilizes free silicon was tried and showed a good metallurgical bond in
several specimens. However, the technique still needs further improvement
in reproducibility and bond strength. Due to this limitation, the BN-free
layers were not evaluated further.

The Mach 1.0 oxidation/erosion tests carried out in the 1477 K to 1640 K
(2200° to 2500° F) range on the BN-containing systems indicated that the sur-
face layers have adequate hot gas erosion resistance at 1477 K (2200° F). At
higher temperatures, the as-fabricated layers eroded excessively. It was
shown that preoxidation prior to the Mach l.U gas oxidation/erosicn test or
in the test at 1477 K (2200° F) improved the hot gas erosion resistance of
the layers. The formation and retention of a silicon dioxide film around the
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Si1/51C network was found esseuntial for pood hot gas erosion resistance. Fur-
ther work is needed to identify the rate and oxidation mechanism and the high-
temperature recention characteristics of the silicon dioxide film. The pre-
oxidation, however, reduced the abradability of the layers. Overall, a good
balance between hot gas ervsion resistance and abradability was not achieved.

In sammary, the silicon carbide composite stroctures have shown pood
abradability and resistance to oxidation, gas erosion, thermal shock, and bal-
listic impact damage for up to 1477 K (2200° F) gas turbine seal appllcatlons.
For 1644 K (2500° F) applications, further improvements in hot gas erosion
resistance and abradability are required. In additionm, the following major
concerns which were not addressed in this program need to be resolved before a
successful application of these ceramic materials is feasible.

1. Attachment of silicon-based ceramic components to the nickel- and
cobalt-based superalloy components. The major concern is the
chemical reaction between silicon of the ceramic composite and
nickel and cobalt of the superalloys resulting in surface pitting
on the ceramic components and the formation of low melting point
silicides. 1In addition, better understanding of the contact
stresses, point loading from machining misfit, relative motion,
friction, and thermal expansion mismatch is needed.

2. Insufficient data base for reliable design. Areas to be addressed
are large scatter in property data, environmental effects on the
properties, and insufficient long-time property data.

chhnxcal Plan

The technical plan for this program was divided into the following
four tasks:

Task 1

Matcerial Selection qand Sereening
Task T1 - Lvaluation of BN-Frce Material Systems

Task 111 - Advanced Laboratory Evaluation

Task TV Reporting

Task I consisted of fabrication and screening of a total of 28 variations

in ceramic substrate blocks and attached ceramic surface rub layers con-
taining BN as an additive. Two most promising variations were chosen from
the initial screening for further evaluation in Task TIT. Task IT evaluated
the BN-free SiC rub laver system. The cvaluation included screening nine
variations to select onc system. A bonding study was also undertaken to
attach the BN-free rub layer to hot pressed silicon carbide and nitride.

In task TII the most promising systems from Task 1| were evaluated in Mach 1.0
gas oxidation/erosion at temperatures up to 1644 K (2500° 1)y, A flow diagram
showing the sequence of cvents is shown in Figure 4,

w
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TASK I - MATERIAL SELECTION AND SCREENING TESTS

Figure 4.

Initial Screening
(28 variations)

Advanced Screening
(3 variations)

Two BN-Containing Material Systems

TASK II - EVALUATION OF BN-FREE MATERIAL SYSTEMS

Initial Screening
(9 variations)

Advanced Screening
(3 variations)

One BN-Free Material Candidate
Bonding Study

TASK III - ADVANCED LABORATORY EVALUATION

Mach 1.0 Gas Oxidation/Erosion Tests

Abradability Tests
Cold Particle Erosion Tests

Assess Material System Potential

Flow Diagram Representing the Sequence of Events in

Tasks I, II, and III,
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2.0 INTRODUCTLON

The demands for higher engine thrust and power output have placed new
requirements on shroud materials. These requirements include: (1) shroud
material temperatures of 1644 K (2500° F) and higher, (2) longer life with
sustained and close clearances, (3) thermal shielding of support structures,
and (4) reduction in cooling air for the shroud.

The current shroud material in General Klectric commercial transport
engines is Bradelloy, a low-density sintered material. The upper temperature
limit for Bradelloy filler shrouds has been reached in current engines, and
more oxidation resistant materials are essential. A better metallic shroud
based on a NiCrAlY filler (Genaseal) was developed with support from NASA
(NAS3-18905, Reference 1), and an Air Force Contract (F33615-77C-5071) is
aimed at developing a lower-cost method for Genaseal. It is expected that
Genaseal introduction into service within the next one to two years will ac-
commodate longer-life needs with some improvement in temperature capability.
In the 1980's even higher temperatures will be required based on the trend
in advanced high-performance engine designs, and these applications will de-
mand the use of ceramics. Ceramics with attached rub layers offer exceilent
oxidation resistance, the primary factor which limits metallic shrouds. A
unique advantage of the ceramic surface layer is its capability to protect
the substrate block from potential brittle fracture due to rotor rub or from
foreign object impact.

The major objective of this contract was to determine the feasibility of
silicon carbide composite structures for potential use as tip seal systems in
advanced aircraft gas turbines. The expected operating seal surface tempera-
ture is 1644 K (2500° F) and above, with desired scal life in the range of
3000-4000 hours.

The ceramic shroud materials evaluated in this program included $i/$iC
(sileomp™) composite, and sintered Sic substrates, both with attached sur-
face layers containing BN as an additive. This program was revised to include
the evaluation of BN-free 3iC rub layer materials and a small effort on identi-
fying a brazing technique for attaching the BN-free SiC rub layer to a backing
of hot pressed silicon carbide. These substrate and rub layer materials were
developed at General Electric's Corporate Research and Development Center.

The main criteria for selection of candidate materials for the ceramic
turbine shroud are high performauce in the 1600 K to 1800 K (2400° to 2800° F)
material temperature regime, low design risk, and low projected cost. The
composite surface structure offers the best opportunity to reduce the design
risk., Without the surface rub layer, metal scabs form on the plain ceramic
which can act to concentrate stress and lead to fracture. The surface rub
layers are expected to provide several important functions: (a) they inhibit
the pickup of metal transferred from blade tips, thus avoiding the formation
of scabs; (b) they have higher compliance than plain ceramics, which reduces
stress concentrations both at the blade tips and the shroud surtace; (c) they




increase the ballistic impac: capability by an order of magnitude over plain
ceramics, and (d) they provide a thermal barrier and a temperature drop be-
tween the gas path and the ceramic substrate block.




3.0 LABORATORY SCREENING PROCEDURES

The initial task (Task 1 Material Selection and Screening Tests) in- 1
volved selection, fabrication, and screening of a total of 2& variations in
ceramic substrate blocks and attached ceramic surface rub layers (Table 1).
The variations included the layer/substrate block thickness ratio, type, and
amount of additive in the surface rub layer, the material used for the sub-
strate block, and the type of material used to form SiC in the surface rub
layer. These 28 variations were evaluated by metallography, surface hardness
measurements, cold particle erosion tests, room temperature rub tests, 1644 K
(2500° F) static oxidation tests, and ballistic impact tests. These test data
were compared with similar data on a baseline material, Bradelloy 500. Based
on the results of the initial screening, four promising variations were fur-
ther evaluated in Mach 1.0 gas oxidation/erosion tests at 1477 K (2200° F) and
in 922 K (1200° F) abradability tests to select two variations for advanced
laboratory evaluation in Task III.

Task II evaluated nine variations of BN-free $iC material, the variations
being in the density and pore size of the material (Table 2). The nine vari-
ations were evaluated by metallography, surface hardness measurements, cold
particle erosion tests, room temperature rub tests, 1644 K (2500° F) 500-hour
static oxidation tests, and ballistic impact tests. Based on these prelimi-
nary screening tests, three promising variaticas were further evaluated in
922 K (1200° F) abradability tests to select one most promising variation. A
bonding study was also made of the best BN-free abradable layer as determined
by the above tests. This study included the use of high-purity silicon to
join the BN-free abradable layer to a backing of hot pressed silicon nitride
and hot pressed silicon carbide. The bond strengths were measured by thermal
shock and mechanical strength tests and compared with the strength of the BN-
containing layers.

The advanced laboratory evaluation of Task ILI included Mach 1.0 gas
oxidation/erosion tests of the most promising systems from Task 1 at tem-
peratures up to 1644 K (2500° F). Cold particle erosion, room temperature
abradability, and layer surface hardness vere measured before and after expo-
sure to the Mach 1.0 hot gas. To successfully carry out this test, the high-
velocity gas oxidation/erosion test holder was modified by incorporating Zr0;
coated insulating metal tabs around the ceramic specimens to allow conduct-
ing tests up to 1644 K (2500° F) without holder deformation and without the
ceramic specimen cracking due to the holding mechanism. The modified holder
was checked out at temperatures up to 1644 K (2500° F) using hot pressed sili-
con carbide specimens without the surface layers. The screening and labora-
tory test details are described below.

Cold Particle Erosion Test

The cold particle erosion test is the standard test used at General Elec-
tric as a quality control check on all HPT shrouds. In this test, the weight



Table 1. Material System Variations In Task I.
|
|
Substrate Additive
Substrate Surface Layer Volume % SiC Level SLT/ST _
1. Cloth-Based Si/SiC | SOA BN Composition with Low (SOA) SOA s
$iC Derived from Graphite| (At Least
Powder 70%) |
2. Cloth-Based Si/SiC SOA S+ 0.17 1
3. Cloth-Based 5i/SiC SOA 5+ 0.42 {
4. Cloth-Based Si/SiC SOA + 5 g BN S
5. Cloth-Based Si/SiC SOA + 10 g BN S
6. Cloth-Based Si/SiC Y High SOA S
7. Cloth-Based Si/SiC | SOA BN Composition with Low (SOA) SOA S
S$iC derived from Graphite
Fiber
8. Cloth-Based Si/SiC Low (SOA) SOA + 5 g BN S
9. Cloth-Based Si/SiC Low (SOA) SOA + 10 g BN S
10. Cloth-Based Si/SiC | 40 Mesh Prefired Porous Low (SOA) Al,03 Volume % S
Al203 Additive in SOA Equivalent to BN
Composition (BN) with SiC Volume I in Vari-
Derived from Graphite ation 1
Powder
11. Cloth-Based Si/SiC Low (S0A) Al03 Volume X S
Equivalent to BN
Volume X in Vari-
ation 4
12. Cloth-Based Si/SiC Low (SOA) Al203 Volume 2 s
Equivalent to BN
Volume 2 in Vari-
v ation S
13. Cloth-Based Si/SiC | SOA BN Composition with Low (SOA) SOA 3N with X S
Fine BN Particle Addition Wt T Fine
and with SiC Derived from Addition
Graphite Powder
14. Cloth-Based Si/SIC Low (SOA) SOA BN with 2X S
Wt % Fine BN
Addition
15. Cloth-Based Si/SiC Low (SOA) SOA BN with 3X S
Wt X2 Fine BN
Addition

SOA = State of the Art
SLT/ST = Surface Layer Thickness/Substrate Thickness Ratio
S = Standard SLT/ST

10



Material System Variations In Task I (Concluded).

Table 1,
—
Substrate
16. Tow-Based Si/sicC
(45°7135° TH)
17. Sintered, Dense
Si¢
18. Sintered, bDense
Sic
19. Tow-based Si/8icC
20. Sintered, Dense
Sic
21. Sintered, Dense
SiC
22. Sintered, Dense
Sic
23, Sintered, Dense
Sic
24, Sintered, Dense
S5iC
25. Sintered, Dense
Sic
26. Sintered, Dense
S1c
27. Sintered, Dense
Sic
28, Sintered, Denge
SiC

S CE

r_—- Substrate Addit ive
Surface Layer Volume % SiC Level SLT/ST
S0A BN Composition with Low (S0A) SUA S
8iC Derived from Graphite
Powder
i --- S0A S+ 0.17
] R ! S0A S+ 0.42
] | !
| ;
; Hieh !! SuA S
| |
) i - | S0A S
1 i
' |
; | |
; { --- J SOA + 5 g BN s
| | |
l [ - S0A + 10 g BN S
SUA BN Composition with = SOA S
51C Derived from Graphite
Fiber i
; --- S0A + 5 ¢ BN s
i
l -~ SUA + 10 4 BN 5
1976 SOA BN Composition = SUA N
with SiC Derived from
Graphite Powder
j -—- SUA + 5 g BN s
SOA + 10 g BN s

S0A = State of the Art
SLT/ST = Surface La

$ = Standard SLT/ST

yer Thickness/Subst rate Thickness Ratio

11



Table 2.

Variation No.

1

2

BN-Free Material Variations in Task II,

Density, kg/m3 x 103

1

1

.25 + 0.05
.25 + 0.05
.25 + 0,05
.35 + 0.05
.35 + 0.05
.35 +0.05
.45 + 0.05
.45 + 0.05

.45 + 0.05

* Variations selected for advanced screening tests.

Pcre Size, Mm

125

180

250

125

180

250

125

180

250




loss of a specimen impinged upon by alumina particles under the following
conditions is used as a relative measure of the erosion resistance of the
material.

. Nozzle to specimen distance = 1.27 x 1072 m (0.5 in.)

90°

i

° Angle of particle approach

° Al,03 powder particle size = 50um

° Pressure = 2.07 x 10 pa (30 psi)
. buration of test = 45 sec
. Nozzle bore diameter =4.78 x 1073 m (0.188 in.)

I}

) Amount of AljUj3 0.25 kg

This test was used only as an aid in ranking the materials, and the abso-
lute loss measured was not used as an acceptance or rejection criterion.

Room Temperature Rub Test

Room temperature rub tests (Figure 5) were carried out at the following
conditions:

No. of blades 15

Blade material René 80

Blade tip speed 2.29 x 10%¢ m/s (750 ft/sec)
Depth of incursion 3.81 x 107% m (0.015 in.)
Incursion rate 2.54 x 0”2 m/s (0.001 in./sec)

‘fhe amount of blade wear was determined tor cach test. In addition,
visual examinations of the blade tip and the shroud surface layer were made
to determine blade material transfer (scabbing), layer smearing, and blade
distress such as bending, burring, and breaking. The purpose ot the rub
test was to rank the materials as to their rub behavior and to obtain an
assessment of scabbing tendency and blade wear. Scabbing should be avoided
because it promotes rapid, nonuniform blade wear resulting in loss of turbine
clearances. Ln ceramic composite structures, scabbing can cause fracture of
the substrate block by transmitting high rub forces to the block.

Surface Hardness Measurements

Surface hardness was tound to correlate well with rub behavior in the
surface rub layers. Consequently, hardness measurements were added to the
evaluations. The hardness scale was selected as Rygy which uses a 1.27 x
1002 m (0.5 in.) diameter steel ball indentor and a load of 15 kg.

13
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Abradability Tester.

Figure 5.



Static Oxidation Test

The oxidation exposure test was performed in a resistance heated furnace.
Samples were heated to 1644 K (2>00° F) tor up to 500 hours in a static air
atmosphere. 1

Ballistic lmpact Test

The test uses an air rifle to propel a steel pellet of 4.45 x 1073 m
(0.175 in.) diameter weighing 0.36 grams. A pellet velocity of 1.95 x 102 m/s
(640 ft/sec) was required to give an impact energy of 6.8 J (5 ft-1bf). The
specimens were examined visually and by a fluorescent penetrant inspection
technique.

Hot Rub Tests

Hot tub tests were conducted at the following conditions:

Temperature 877 K to 955 K (1120° to 1260° F)
No. of blades 48

Blade material IN625

Blade thickness 6.35 x 107 m (0.025 in.)

Rate of incursion 2.54 x 1072 m/s (0.001 in./sec)
Depth of incursion 6.86 x 1074 m to 1.04 x 1073 m

(0.027 to V.04l in.)
Blade tip speed 1.52 x 102 m/s (500 ft/sec)

The temperature was recorded by a thermocouple placed in the surface
layer. Hub forces were measured by using a load cell. At the end of each
test the amount of blade wear and the depth of rub were determined. In
addition, visual examinations of the blade tip and the specimen were made
for evidence of blade material transfer (scabbing), layer smearing, and blade
distress. R'B0 is a commonly used blade material. [IN625 was used instead of
R'80 as the blade material in this test because the flow stress of IN625 at
923 K (1250° F) is equivaleat to the flow stress of R'80 at 1311 K (1900° F).

Mach 1.0 Gas Oxidation/Erosion Test

The tests were carried out at the following conditions:

sas Velocity = Mach 1.0
No. of specimens per = b
holder

15
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Specimen holder rota- 350 to 400 rpm

tion speed

1/hour (55 minutes hot,
5 minutes cold)

Cycle

Hot temperature 1477 K to 1644 K (2200* to 2500° F)

422 K to 477 K (300° to 400° F)

Cold temperature
Type of fuel = JP-4

The temperature was monitored optically. Cycling was achieved by drop-
ping the specimen holder from the up position in the hot gas stream to the
down position in a blast of ambient air. The test determines oxidation, gas
erosion, and thermal shock resistance. Since specimens were cycled once/
hour in front of a high-velocity gas jet, a substantial thermal shock was
introduced to the specimen. Figure 6 shows the assembled test holder with
the test specimens.




Figure 6.

Mach 1.0 Oxidation Test Specimens Assembled in the Holder.
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4.0 RESULTS

4.1 TASK I - MATERIAL SELECTION AND SCREENING TESTS OF
BN-CONTAINING LAYER SYSTEMS

The evaluations were completed on the 28 variations in the following
order:

1. Metallographic examination (Figures 1, 2, and 7 through 10)
2. Sur face hardness measurement

3. Cold particle erosion test

4. Room temperature rub test

5. 1644 K (2500° F) static oxidation test

6. Ballistic impact test

7. Cold particle crosion test

In all tests, Bradelloy 500 specimens were also evaluated for comparison.

Room Temperature Rub Test

The results of the rub test are shown in Table 3. None of the varia-
tions except Variation 13 showed any blade material transfer (scabbing).
In comparison, Bradelloy 500 showed scabbing and the highest blade wear/
depth of incursion ratio (0.36). The blade wear/depth of incursion ratio
for ceramic layers ranged from 0 to 0.29.

1644 K (2500° F) - 500-Hour Oxidation Test

The static oxidation exposure at 1644 K (2500° F) for up to 500 b urs did
not cause any gross melting of the substrate blocks or the layers. A's., this
exposure did not cause spallation of the layers from the substrate blocks. How-
ever, some visual degradation occurred as evidenced by (1) small bubbles (0.5
mm to 2 mm diameter) coming out of the layer, (2) a glassy substance coming
out of the substrate/layer interface, (3) a glassy layer on the sides of both
the SilcompTM and the sintered SiC, and (4) very small bubbles (up to 0.2 mm
dlameter) at the sides of the sintered SiC. X-ray diffraction analysis showed
the bubbles (1 and 4) to be silicon with a small amount of the lower tempera-
ture form (tetratgonal) o cristobalite (Si0;), and (2) and (3) to be the
lower temperature form of cristobalite. The oxidation exposure also caused
oxidation of the BN additive which vaporized at the tes! temperature, leaving
holes (voids) in the layer structur= (Figure 11).

18
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Figure 7. Typical Microstructure of
Sintered SiC Substrate -
Surface Layer Interface
Arca (Variation 20).
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Figure 10.

R‘[“PRODU ¢l

Typical Microstructure of Bradelloy 500.
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Table 3.

Room Temperature Rub Test Data on BN-
Containing Material Systems.

Scab

No
Some smear

No
No

No
No

No
No

No
No

No
No
Yes, broke
two blades

No
No

No
No

No
No

No
No

No
No

No
No

No
No

No

Depth of
Incursion Blade Wear Blade Wear
Specimen m x m x Depth of
Variation No. 1074 (mils) 1072 (mils) Incursion

1 3.6 (14) 10 (4.0) 0.28
2 4.1 (16) 6.4 (2.5) 0.16
3 4.1 (16) 8.4 (3.3) 0.21
4 4.1 (16) 10 (4.1) 0.26
5 4.1 (16) 0 0 0

6 4.1 (16) 1.3 (0.5) 0.03
7 3.8 (15) 0 0 0

8 3.8 (15) 2.5 (1.0) 0.07
9 3.8 (15) 1.3 (0.5) 0.03
10 3.6 (14) 0 0 0

11 4.1 (16) 0 0 0

12 3.9 (16) 0 0 0

13 4.3 (17) 13 (5.0) 0.29
14 4.1 (16) 2.5 (1.0} 0.06
15 4.1 (16) 7.1 (2.8) 0.18
16 3.8 (15) 2.5 (1.0) 0.06
17 4.1 (16) 6.4 (2.5) 0.16
18 4.1 (16) 7.6 (3.0) 0.19
19 4.1 (16) 3.3 (1.3) 0.08
20 4.2 (17) 3.3 (1.3) 0.08
21 4.2 (17) 2.8 (1.1) 0.07
22 4.1 (16) 1.9 (0.8) 0.05
23 4.1 (16) 2.5 (1.0) 0.06
24 4.1 (16) 2.8 1. 0.07
25 3.8 .i95) 0.4 (0.2) 0.01
26 3.9 (16) 9.7 (3.8) 0.25
27 4.1 {16) 2.5 (1.0) 0.06
28 3.8 (137 2.5 (1.0) 0.07

Bradelloy

500 4.3 (17) 15.0 (6.1) 0.36

Yes, material
pull out




ok

¢ The gray areas are voids where additive grains
have been surrounded by an SiC + 3102 network.

Figure 11.

Typical Microstructurc of a Cross Section
of Rub Layer Variation 26 After Static

Oxidation Exposure at 1644 K (2500° F)
for 500 Hours.
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The foliowing general conclusions were drawn from the oxidation data
(Figures 12 through 17).

1. The oxidation exposure caused weight and volume gains in all
28 variations.

2. The variations with thicker layers (Nos. 2, 3, 17, and 18) showed
larger weight gains indicating the oxidation rate of the layer is
higher than that of the substrate block.

3. The variations with the sintered SiC blocks with standard SOA*
layers (Nos. 20, 26) showed larger weight gains compared to cloth-
based Silcomp™ blocks with similar layers (Nos. 1, 6). The ini-
tial oxidation of free silicon on the surface of Silcomp™ provides
a surface sealing effect which probably slows down further oxida-

was about 96% of thevretical, and the higher weight gains may be due
to the presence of surface pores.

4. The weight gains were larger it layers containing higher BN additive
levels (Nos. 4, 5, 21, 22, 27, 28).

5. Bradelloy 500 was completely oxidized when inspected after 100 hours

of exposure 1644 K (2500° F). Figure 18 summarizes the oxidation
data for the BN-containing layer systems and Bradelloy 500.

Surface Hardness Measurements

Surface layer hardness measurements taken on each variation in the as-
fabricated condition are shown in Table 4. The correlation between surface
layer hardness and rub behavior of the layers in the as-fabricated condition
is shown in Figure 19. The surface hardness of a ceramic rub layer can be
related to the crushing strength of the layer by the following empirical re-
lationships:

- LOAD

¢ 2 R (100 - Hardness)
1000

where g = crushing strength in kg/mm?2
R, radius of = 6.35 mm
the indentor
Load = 15 kg
Hardness = Risy scale

*S0A = State of the art
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Percent Weight Gain

Variations
O 1
O 2
O 3
A 4
AN 5

ol
Figure 12. 1644 K (2500° F) Static Oxidation Data for BN-Containing
Layer Specimens (Variations 1 Through 5).
3.0 —
Variations

O 6

O 7

O 8
- YA 9
::) <\
[=14]
-
)
" N —]
4
: 0- ——"5K—R
5 O |
& | _{'}________.——-O

< | |
130 200 300 400 500
Hours

Figure 13. 1644 K (2500° F) Static Oxidation Data for BN-Containing

Layer Specimens (Variations 6 Through 10).
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Figure 14. 1644 K (2500° F) Static Oxidation Data for BN-Containing
Layer Specimens (Variations 11 Through 15).
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17
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Figure 15. 1644 K (2500° ¥) Static Oxidation Data for BN~Containing
Layer Specimens (Variations 16 Through 20).
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Percent Weight Gain

Percent Weight Gain

Variations
G —O— Q 21
O 22
23
ﬁ 24
0 | 25
Figure 16. 1644 K (2500° F) Static Oxidation Data for BN-Con-
taining Layer Specimens (Variations 21 Through 25).
40.0
S S ~ N N
Variations
30.Q’j o) 26 —
7
§Bradelloy
500
2.0 —
1.0
100 200 300 400 500
Hours
Figure 17. 1644 K (2500° F) Static Oxidation Data for BN-Con-

taining Layer Specimens (Variations 26 Through 28)

and Bradelloy 500.
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Percent Weight Gain

Bradelloy 500

34 —
d
~
4
pata for Thicker Layers Plus Base
2
Data for Standard Layer Plus Base
l l [ |
100 300 500
Hours
Figurc 18. Summary of 16144 K (2500° F) Static Oxidation Data for

BN-Containing vayer Specimens and Bradelloy 500,




Table 4.

(Average of Six Readings)

Surface Hardness Data on BN-
Cont aining Material Systems.

Specimen As-Processed

Variation No.

Hardness, Rjsgy

M ~N W B N

9
10

tl
12
13

14
15

L6
17

18
19

20
21

22
23

24
25

26
217

28
Bradelloy
500

* Very soft, goes beyond scale

* . .
*oxidized, beyond measurement

73
63
57
65

3
*

~ o O

0

)
\Y)

88
74
83
54
75

70
76

66
53

47
12

27
10

66
18

65

After 1644 K (2500° F)

500-Hr Exposure
Hardness, Rjsgy

81
17

76
85

6
29

0
36

21
28

0
0
81

84
88

80
81

71
85

78
80

85
61

55
20
92
79
80

0**




Crushing strength, ksi
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Figure 19 1llustrates the relationship between curtace hardness and crushing
strength; harder layers have higher crushing strengti as is penerally ex-
pected. The abradability of a rub layer should depend on the crushing
strength of the layer: layers with higher crushing strength should be more
difficult to abrade (higher hlade wear and tendency tor blade material pici-

up). The rub test data presented in Figure 19 show that the blade wear/depth

of incursion ratio Increases with increases in surface hardness of the layer
and are in agreement with surface hardness/crushing strength/abradability
relationship.

The surface hardness of the rub layers (Table 4) increased after the
1644 K (2500° F) 500-hour static oxidation exposure. This increase in hard-
ness is believed to be due to the conversion of free silicon present in the
layers to the cristobalite form of 5107. The hardness of Bradelloy 500
decreases considerably with oxidation exposure as shown in Table &4.

Cold Particle Erosion Test

The ceramic variations that were orosion tested in the as-fabricated con-
dition (Table 5) showed low particle crosion resistance compared to Bradelloy
500. However, after a 1644 K (2500° F) 500-hour oxidation exposure Bradelloy
500 had poor erosion resistance, whereas the erosion resistance of the ceramic
layers generally improved. The correlation between surface hardness of the
layer and cold particle erosion resistance is shown in Figure 20. The data in
this figure were obtained from layers evaluated in this program as well as
from other in-house General Electric programs.

Ballist ic fmpact Test

Ballistic impact lesls were made on specimens ot all the variations in
the statically oxidized condition (1644 K 12500° F] 500-hour vxpnsur«-). The
visual and fluorescent penetrant examinat ion of the Specimens indicated no
cracks in the substrate blocks. However, the ricrostructural examination of
the substrate block cut through the impact crater showed microcracks cither
in the substrate/layer interface or in the substrate block in some of the
variations. The observat ions (Table &) indicate that var iations with thicker
layers (Nos. 2,3, 17, and 18) and higher additive levels in the layers (Nos.
5, 21, 22, 27, and 28) can withstand ballistic impact energy of 6.8 J (5
fr-1bf) without sabstrate microcracking. Also, the variation with the 1976
state-of-the-art (s0A) layer with SOA additive level oo sintered $iC block
(variation 26), and variations with SOA composition layers with $iC derived
from graphite fiber on sintered SiG substrate block (Nos. 23 and 25) showed
the absence of microcracks after the hallistic test. Ballistic impact tests

on an oxidized Bradelloy 500 specimen caused multiple fractures in the speci=
men.
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Table 5. Room Temperature Erosion Test Data
on BN-Containing Material Systems.

Erosion Test Data After 1644 K
(2500° F) 500-Hr Static
Erosion Test Data - As Processed Oxidation Exposure
Weight | Depth of Erosivity Weight | Deptin of Erosivity
Specimen Loss, |Erosion, Factor Loss, Erosion, Factor
Variation No.| grams |m x 1073 [g/m x 104 (sec/mil) | grams |m x 10% | s/m x 104 | (sec/mil)
Bradelloy
500 0.035 0.2 21.7 (5.5) 0.278 1.7 2.8 (0.7)
1 0.044 0.7 £.3 (1.6) 0.032 0.3 13.0 (3.3)
2 0.046 0.6 7.9 (2.0) 0.047 0.4 9.8 (2.5)
3 0.039 0.4 11.0 (2.8) 0.057 0.5 8.3 (2.1)
/3 4 0.043 0.3 5.0 (3.8) 0.634 0.4 13.0 3.2)
5 0.188 2.2 2.0 (0.5) 0.063 0.8 5.5 (1.4)
6 0.116 1.7 2.8 (0.7) 0.083 0.2 4.7 (1.2)
? 0.095 1.2 3.9 (1.0) 0.094 0.8 5.5 (1.4)
8 0.074 0.8 5.5 (1.4) 0.057 0.7 6.3 (1.6)
9 0.111 1.2 3.9 (1.0) 0.057 1.1 3.9 (1.0)
10 0.311 2.4 2.0 (0.5) 0.110 1.1 4.3 (1.1)
11 0.365 2.4 2.0 (0.5) 0.110 1.1 3.9 (1.0)
12 0.566 2.2 2.0 (0.5) 0.290 2.1 2.0 (0.5)
13 0.03: 0.3 17.0 (4.2) 0.039 0.6 7.5 (1.9)
14 0.037 0.4 13.0 (3.4) 0.038 0.6 7.5 (1.9)
15 0.027 0.3 17.0 (4.2) 0.048 0.4 10.0 (2.6)
16 0.098 2.1 2.0 (0.5) 0.053 0.5 9.4 (2.4)
17 0.028 0.4 13.3 (3.2) 0.032 0.3 15.0 (3.9)
18 0.031 0.4 11.0 2.7) 0.039 0.4 12.0 (3.0)
19 0.049 1.2 3.9 (1.0) 0.052 0.6 7.5 (1.9)
20 0.048 c.8 £9 (1.5) 0.057 0.6 7.5 (1.9)
21 0.07M 1.0 “. (1.1) 0.043 0.5 9.4 (2.4)
22 0.087 1.7 2.8 (0.7) 0.061 0.8 5.9 (L.5)
23 0.071 1.0 4.3 (1. 0.071 0.7 6.7 1.7n
24 0.064 0.8 5.5 (1.4) 0.042 0.3 17.0 (4.2)
25 0.049 0.6 7.9 (2.0) 0.051 0.5 9.8 (2.5)
26 0.028 0.4 11.0 (2.8) 0.032 0.5 9.4 (2.4)
27 0.089 0.9 4.7 (1.2) 0.043 0.4 10.0 (2.6)
28 0.129 2.0 2.4 (0.6) 0.036 0.3 14.0 (3.5)
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Surface Hardness, RlSY

Erosivity Factor Versus Hardness of BN-Containing Rub Layers.




Specimen
Variation No.

Ballistic Impact Test Results on

BN Containing Material Systems.

Depth of Impact
mx 1073 (mils)

Microcracks in Substrate or
Substrate/Layer Interface
Near the Impact Crater

Bradelloy 500

—_ e O e e e O = N RN O R e e e e e O e

.14
.10
.95
.20
.61
.74
.35
.07
.67
.57
.83
.54
.31
.07
.83
.00
.34
.70
.36
.98
.01
.32
.68
.19
.28
.81
.16
.22

NE = Not examined, specimen uced in other tests

34

(45.
(43.
(38.
(47.
(63.
(68.
(53.
(42.
(65.
(62.
.0)
(100.
.5)
.0)
(32.
(78.
(52.
(30.
4)
(38.
(39.
.9)
.0)
.0)

(72

(51
(42

(53

(51
(66
(47

(50.
(32.
(45.
(48.

0)
5)
0)
3)
2)
5)
2)
3)
8)
0)

0)

6)
7)
7)
3)

7)
7)

5)
0)
5)
2)

Yes
Yes
No
No
NE
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
NE
NE
No
No
No
Yes
No
No
No
No
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Selection of the Three Most Promising Candidates

The data from all the initial screening tests were analyzed to select
the three most promising variations for the advanced screening tests in
Task I. The variations were ranked according to their cold particle erosion
resistance in the as-fabricated condition and their oxidation resistance
(Table 7).

The following two selection requirements were applied to the 10 best can-
didates based on cold particle erosion resistance (Table 8).

1. No scabbing in room temperature abradability tests.

2. No gross cracking and no microcracking in the substrate block in
ballistic impact tests.

Based on these requirements, Variations 15, 13, and 14 (ranked 1, 2, and
4) were rejected. Variation 4 was concluded to be nonrepresentative of the
SOA + 5 g BN composition based on microstructural examinations and properties
comparisons with other SJA + 5 g BN composition layers, and was not considered
further for selection. Variations 17, 3, 26, 18, and 2 (ranked 5 through 9)
had surface layers consisting essentially of the SOA composition with SiC
derived from graphite powder (Figure 1). The surface layer thickness/sub-
strate thickness (SLT/ST) was the only other variation in these selections.
The ballistic impact test on Variation 26 indicated that the surface layer
with a standard SLT/ST ratio was able to withstand 6.8 J (5 ft-1bf) impact
energy without microcracking in the substrate block and it was not necessary
to use layers with higher SLT/ST ratio for withstanding ballistic impact
energy of 6.8 J (5 ft-1bf). The thicker surface layers (SLT/ST = 0.17 and
0.42) had greater oxidation weight pains and are ranked 25 through 28 among
the 28 variations (Table 7). Based on these data, the surface layer with the
1976 SOA composition with SiC derived from graphite powder was considered as
the most promising variation. Variation 26, which has this surface layer on a
sintered SiC substrate block, was selected as one of the variations to be
evaluated in the advanced screening tests in Task 1. As mentioned earlier,
the cloth-based SilcompTM substrate blocks showed lower oxidation weight
gains than the sintered SiC and tow-based Sitcomp™ blocks. In view of this,
the 1976 SOA surface layer applied to a cloth-based SilcompTM block with
high volume percent Sic (similar to Variation 6) was selected as the second
variation for advanced screening tests.

The particle erosion resistance of the 1976 SOA layer (Variation 26)
tested in the as-fabricated condition showed low values compared to Bradelloy
500. Further improvement in the cold particle erosion resistance was expected
with a harder layer fabricated by using a lower level of BN additive (SO0A - 5
g BN) relative to the 1976 SOA layer. This layer on a cloth-based Si/SiC sub-
strate was selected as the third variation for advanced screening.

An independent analysis of the test data conducted by Mr. Stan Young of
NASA-Lewis, based on equal weight to each test (cold particle erosion resis-
tance before and after static oxidation, room temperature rub, static oxida-
tion and ballistic impact), showed Variation 25 to have the best overall
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Table 7. Ranking of BN-Containing Material Systems

Based on Erosion and Oxidation.

yariation No., Based on Cold
particle Erosion Resistance
in the As-Processed Conditicn

15
13

4
14
17

3
26
18

2
25

1
20

8
24
27
21
23
19

7
19
22

6
28

5
10
11
12
16

yariation No., Based on
Weight Gain After 1644 K
{2500° F) 500-Hour Oxidation

0o W o= o

16
21
20
10

11
13
12

14
15
24
25
22
23

28
19
27
26
17

18




Table 8.

Rank in
Cold
Erosion

Test

1

2

10

Combined Assessment of Erosion Resistance, Rub Test
Scabbing, and Ballistic Impact Cracking in BN-
Containing Material Systems.

Ballistic Impact

Specimen Scab Microcrack
15 No Yes
13 Yes Yes
4 No Nct Examined
14 No Yes
17 No No
3 No No
26 No No
18 No No
2 No No
25 No No
Bradelloy 500 Yes Yes
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ranking. Tne GE ranking for Variation 25 was sixth. This variation did not
follow the property trend shown by similar layers with SiC derived from graph-
ite fiber which had shown poor erosion resistance. To examine a possibility
of a synergistic effect of the higher BN level and the graphite fiber, it was
agreed to add Variation 25 to the above three variations (Table 9) for further
evaluation in Task I Advanced Screening.

4.2 TASK I - ADVANCED SCREENING

Hot Rub Tests

The results of the rub tests on the four variations listed in Table 9 are
shown in Table 10. Figures 21 through 23 show the rubbed surfaces for each
variation. The important observations of the rub tests were the following:

1. All the specimens rubbed well. There were some isolated spots which
showed metal pickup. Based on the blade wear/depth of incursion
ratio and tendeucy for metal pickup, Variation &4 was ranked best
followed by Variations 2, 3, and 4.

2. The sintered silicon carbide substrate block in Variation 1 frac-
tured into two pieces as shown in Figure 21(a). This specimen also
exhibited the highest amounts of blade material transfer and blade
wear ratio. Rubs in the remaining specimens did not cause fracture
of the substrate blocks.

3. The shear force in all specimens during the rub was less than 2.2 N
(0.5 1b).

Mach 1.0 Oxidation/Erosion Test

The first attempt to run the Mach 1.0 oxidation/erosion test at 1589 K
(2400° F) resulted in fracture of all the specimens near the base where they
were being held in tii~ cooled metal holder. Therefore, the second test was
run with a modified holder on new specimens at 1477 K (2200° F) for 84 hours.
The test was run at 1589 K (2400° .} for 16 hours unintentionally due to clog-
ging of the IRCON window during the overnight run after the specimens had com-
pleted 15 hours at 1477 K (220C° F). ‘gure 6 shows the Mach 1.0 oxidation/
erosion test specimens assemble~ (. ae nolder, and Figure 24 shows the typi-
cal geometry of the specimen. F.gures 25 and 26 show the test specimens after
100 hours of exposure time. All tae specimens except Specimen &4 completed the
100 hour test. Figures 27 through 29 show the specimens after 31, 45, 67, and
100 hours of exposure. Specimea 4 (SOA + 10 g BN composition layer.with SiC
derived from graphite fiber on a sint-red SiC substrate block) fractured at
the base where it was being held in the metal holder after one cycle to 1477 K
(2200° F) (Figure 26). The layer on this specimen showed signs of local gas
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BN-Containing Material System Variations

for Task 1 Advanced Screening Tests.

Surface Layer

SOA composition
with SiC derived
graphite powder

SOA composition
with SiC derived
graphite powier

SOA composition
with SiC derived
graphite powder

compositon (BN)
S51C derived
graphite fiber

surface layer thickness/substrate

Table 9.
Substrate
1. Sintered 1976
dense SiC (BN)
from
2. Cloth-based 1976
8i/SicC (BN)
from
3. Cloth-based 1976
Si/SiC (BN)
' from
4, Sintered SOA
dense SiC with
from
SLT/ST =
SOA = State of the art
S = Standard SLT/ST

Substrate Additive
Volume 7% SiC Level SLT/ST
—-—— SOA S
High SOA S
High SOA-5¢gBN S
-— SOA + 10 g BN S
thickness ratio
39
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Test Specimen Configuration,
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erosion. In the first Mach 1.0 gas oxidation/erosion test the same layer had
shown considerable gas erosion at the tip after only one cycle at 1589 K
(2400° F).

The weight, thickness, and surface hardness measurements were taken
before and after the test. After the completion of the test, the specimens
were evaluated for room temperature abradability and cold particle erosion
resistance. The results are summarized in Table 11 from which the following
observations were made:

1. Material systems of Specimens 1 and 3 survived Mach 1.0 gas oxida-
tion/erosion ard thermal shock at 1589 K (2400° F) for at least 16
hours with no s.gns of layer erosion. The layer in Specimen 2
eroded excessively during overtemperature to 1589 K (2400° F) in
the early part of the test. No further layer degradation was ob-
served in this specimen when the test was continued at 1477° F
(2200° F).

Specimens 1 and 3 showed an average increase in thickness of about
1.27 x 107 m to 3.81 x 105 m (0.05-1.5 mils) and a weight loss
of about 1%: specimen thickness = ].27 x 1072 m (0.5 inch).

During the oxidation exposure, the BN particles oxidized away leav-
ing holes where the BN particles had been. This effect made the
structure of the liayer essentially a lacy network of Si + SiC + 810,
(Figures 30 and 31) through the total thickness of the layer.

2. Cloth-based Si/SicC (Silcomp™) as substrate block survived Mach 1.0
gas oxidation/erosion and thermal shock up to 1589 K (2400° F). The
sintered silicon carbide was more fracture-sensitive compared to
Silcomp™. However, in all cases the fractures occurred in the area
where the specimens were being held in the metal holder slots. No
fracture or crack was observed in the specimen area exposed to the
Mach 1.0 gas stream.

3. A correlation between the layer surface hardness and hot gas erosion
resistance was found. No correlation between the cold particle ero-
sion resistance and hot gas erosion resistance was observed.

4, No significant change in cold particle erosion resistance of the
layer was observed after the Mach 1.0 gas oxidation exposure.

5. The Mach 1.0 gas oxidized layers (Specimens 1, 2, and 4, Rigy = 55,
21, and 18, respectively) rubbed with acceptable blade wear and no
metal transfer (scabbing). The layer with surface hardness (R15Y) of
91 (Specimen 3) caused excessive blade wear and scabbing.

49




4 .002¢
03 324D areds puokag 3}20Tg DIS PRaIugs
(oc'D) 6't 0 s3% aug uy ‘sag 8T s909 ‘1305 A12p uo 134eT J¥S/IS + NE
Ade1d IIS/TS
€10 s £ES°0 ON oN 16 €6 uo 13fe7 DTIS/TS + N°
(seaay
d ,00%Z 3® papox3 uo) Ad201d I¥S/IS
v'2) S$°6 12°0 ON papoxd Arpeg (Y4 9% uo 134eT D¥S/IS + Nd
28pdq wollog Wo0Tg JIS Paaajuys
(7°2) g 87°0 aup ‘sax ON 19 €S uo 13£e1 JI¥S/TS + N9
(TTm/238) 0T X w/s qeds uoysanduy Supyoeran uoyrsoay iafe] rﬂa¢~wu=momxm »mﬂ&.@h:monxu uawydadg
TN :oawo»m 3o yadaqg ajeilsqng 1913V ssaupaey 21032¢ Ssaupaey
MHWﬁuumm pIoD /ieam aperg aodejang 13de adejang JI3Le]
uTr 101384
L31AaTS5023

*s3TNnSay 1S9

U0TS017/UOTIBPTX0 0°T YoBW I ASel °TT

aTqel

50




B

51

.wunwomxm UoTIBPIX() OI[I4L)D
0TS + JTS + TS Loe] Qg 2an3tg

0°T Yo' 1233y 134e7 3uTurejuo)d-Ng JO 3In3ionaig

}
s " ; . N \ o 1 . Y A T cw g ot
¢ Lo ; “I,’(u,.)...fn.rl

LWy
; A .ﬁ.\! s W

M -
naiges ROt
RSO AR I
EAMIE L
.- - W,
. -
s ' Y0 =
. lvA (AT L 0% 3 . < R
» L el - o
. e ¢ Fm
...v\..,.{», ; - o g O
-y A_rb it IR \V& m
S e =~
R ~
=9
~ <¢
P
£ A

REPRONY
ORIGINAL

o e ,
AV T T

s EEC
JA\'. ~.‘L-‘¢.1v’
e 'Y

< oot



DL e e i Lo i i

©1S9], UOTSOIF/UOTIBPIX0O 0°T UJEH

1913V Saake] qny JO SUOTIDAG S$SOI) JO SIANIDNIISOIDTW Teo1dLl -1g¢ 2an314

(11 @1q81) ¢ uswrdoadg

axe sSpToA ayj ‘pazixodea

X0¢ (11 21qBl) 1 uauiosadg

*(X0S) %0TS + JO¥S + TS JO jaomjau e £q pepunoaans
surexd Ng oI9ym SpIoA axe sedae Aevad pue }OoeBlQq 3Yl e

52




Based on the Mach 1.0 oxidation/erosion and hot rub tests, the surface
layer of 1976 SOA Composition (BN) with SiC derived :rom graphite powder and
with the surface hardness Rjsy of 60 + 10 showed the most potential for
thermal shock, oxidation, and hot gas erosion resistances and for nonscab-
bing behavior in rub tests. This conclusion was in agreement with observa-
tions derived from other GE programs evaluating similar surface layers.

Therefore, Task III Advanced Laboratory Evaluations were made on the
surface layers of 1976 SOA composition (BN) with SiC derived from %ﬁaphite
powder and with surface hardness (Rys5y) of 60 + 10 on both Silcomp'™ and
hot pressed silicon carbide and substrate blocks.

Based on the preliminary screening tests, SilcompTM emerged as the most
promising substrate block material. Since hot pressed silicon carbide block
seals with BN-containing layers were being evaluated under the NASA-%gonsored
Energy Efficient Engine (E3) program (NAS3-20643) along with Silcomp™” in
Mach 1.0 gas oxidation/erosion tests in Tack ILI. The Mach 1.0 gas oxidation/
erosion test data from this program formed one of the criteria for selection
of an approach for ceramic shroud development in the E3 program.

4.3 TASK 11 - EVALUATION OF BN-FREE MATERIAL SYSTEMS

The nine variations of density and pore size evaluated in BN-free mate-
rials are listed in Table 2. Two specimens for each variation were fabri-
cated and after metallographic and density evaluations (Figures 32 and 33)
the following tests were completed in the order mentioned:

1. Surface hardness measurement

2. Cold particle erosion test

3. Room temperature rub test

4, 1644 K (2500° F) static oxidation test

5. Surface hardness measurement
6. Cold particle erosicn test
7. Ballistic impact test

Sur face Hardness, Erosion Test, and Rub Test Results

The surface hardness, cold particle erosion test, and rub test data are
shown in Table 12 and in Figures 34 through 37. The surface hardness (RISY)
data were averages of nine readings and the cold particle erosion test data




o

oy

*92Y8 axog wrl Gz pue L3rsuaq Amﬁu\w % 1)
mE\wx OT ¥ G%°T 30 TPTI2IPK 9934~Ng P JO 3ANIONIAISOIDTR [e21dKl °zg 2and1g

aoqre) f/
pajoeaxuj)

& ﬁwf

>
v o
o e

‘UOQIED PAIDEIAUN BIB HIOMIAU JTS OY3J IpTSUT sSeaxe Aess yrep ayi pue‘rg oae
seale I3TYM AUl ‘DI oIe seaae Awvad 1u3IT oyl ‘soaxod sae sease NoRIq AYL e




55

892185 3xod wrt czr pue urd Je L3TSua
w M& OT X G%¥°T 3O Tetri9] 291 .
\ 081 a AmEU\w S 1)
€ € H
W d-N9d & JO 2an3dNalsoadTt [eot d{£] "€E 3andt
4

X0¢
8Z1g axod w™
© 621 (q)
X0¢

221§ a10g w081 (®)

ITY OF THE
GE IS POOR

RODUCIBIT

PA

ORIGINAL

RTP

i il L A
B At
i S TR

T




oN 61°0 (0°¢) 79°¢L (1°82) 1t 0°¢ (CH )] %°0 (33 %1 6
OoN €0 (€°9) S EX (0-o¢) T°tt Lt (s 8L°0 99 051 6
ON Lo o o'n 95T (v 12) oy 8°9 1o €50 9 &1 ]
oN L0°0 D L2 4 (T 91) 0s°s 8°9 (Z2°¢) 18°0 L9 9% 1 8
oN €1°0 (0°2) 80°¢ (811 19°% Lz (8°¢) 16°0 19 L1 3
oN 90°0 (1289 v$°C (9°91) 15°9 Z'ot o 69°0 99 9%°1 L
oN {00 (c'D %$°2 (L) 051 0°s1 (o°z1) S0°¢ 13 €1 9
oN €1°0 0°2) 80°¢ (8°5) ez Z-ot o 96°1 8% et 9
ON 920°0 (9°0) ST (Ltg) St 88T (€ z1) e 1< "1 S
oN S0°0 (8°0) £€0°2 € (119 4 270z (S°c1) £r°e 19 vE1 <
ON £0°0 (§9] L2 4 (9°¢) Al 9°8¢ €0 e 149 LA Yy
ON €170 @) 80°S v'£) €1 0°82 (z°tD) se°¢ 96 A | v
ON 910 ) 80°S €°y) 1Tt €°¢1 (v'01) 992 6¢ o€°1 €
oN €1°0 @) 80°§ e 12°1 9°22 (s°v1) 89°¢ 81 9z°1 £
oR 0 (0) 0 92) 10°T 0°62 (zL? ey t €Tt 4
oN 90°0 (49 952 (8°¢) 0s°1 A4 6°11) 20°¢ 154 LT ¢ z
oK 900 (1) LANE4 (T2 ¥8°0 LBt (@ iz» 8L°S 12 LIA | 1
ON 0 (0) 0 (t-2) (8°0 9°5¢ ($°12) 9%°s 6€ 9z°1 1
qeds | uoysanduj (Tre) _ o1 X [§3TTEED) _ o1 X w/s 01 X 2% (1rw) _ or X uw kST 01 X _w/dy | "oN uorieriep
30 yadag S S 9- ki 4 ¢ £ uawy dadg
‘avaM aperg ‘1033®4 L31AySsoxg ‘sso uorsox3 jo yidaqg Ssaupaey *A31suaq
/aean aperg 1y3ran
‘UoT3TPUO) poledriqed-sy ayj uy
STeTIa3eN 9axd-Nd uo eje(q s3sal Jutuseaog Axeutmyrosd *Z2T 2198l

PRI

56




80 Density !

O 1.45 X 10° kg/m> (1.45 g/em3)
D145 x 103 kg/m3 (1.35 g/emd)
01.25 x 107 ke/m> (1.25 g/cm3)

S O ——
0

60

a

Surface Hardness, R)sy
Py
o

20

125 180 250

Pore Size, um

Figure 34. Effect of Pore Size on Surface Hardness in
BN-Frce Materials.
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Figure 35. Effect of Pore Size on Erosivity in BN-Free
Materials.
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were averages of four erosion tests on each specimen. The test data indi-
cated that the surface hardness, erosion resistance, and blade wear/depth
of incursion ratio increased with an increase in the density of the BN-free
material. The increase in pore size increased erosion resistance and blade
wear/depth of incursion ratio and decreased surface hardness. Also, the
effect of density variation on the properties was more significant than the
effect of pore size variation. -

1644K (2500° F) Static Oxidation Test Results

The 500-hour 1644 K (2500° F) static oxidation exposure test was com-
pleted. Weight, dimensional, and visual changes were recorded at 100-hour
intervals. Plots of weight gain versus exposure time are shown in Figures
38 through 40. The oxidation weight gain for a BN-containing layer (with-
out the substrate block) with SOA + 3 g BN additive level is shown in Fig-
ure 40 for comparison. Figure 4] shows a tygical microstructure of a BN-
free materiai of 1.45 x 10 kg/m3 (1.45 g/cm?) density after 500 hours of
exposure at 1644 K (2500° F).

The following observations were made from the oxidation test:

® No melting or disintegration of specimens occurred.
) Specimen weight and dimensions increased in all the specimens.
® The percentage weight gain was higher in specimens of lower den-—

sity and smaller pore sizes (for the same density).

The oxidized specimens were further evaluated by surface hardness measure-
ments, cold particle erosion tests, and ballistic impact tests. The oxidation
exposure increased the surface hardness of all the specimens and decreased the
cold particle erosion resistance for most of the specimens (Table 13). The
metallographic examination revealed the disappearance of some of the thin Si/
SiC connecting links in the $i/SiC network via oxication which explains the
decrease in cold particle erosion resistance after oxidation exposure.

Ballistic Impact Test Results

Ballistic impact tests were made on all the variations in the static-
ally oxidized condition (1644 K [2500° F], 500-hour exposure). The depth
and diameter of the impact crater and cracks in the layer, if any, were
recorded. The observations (Table 13) indicated that impact resistance
generally increased with increasing density and decreasing pore size (for
the same density). Figure 42 shows ballistic impact craters on two specim-
ens which were ranked the best and the worst.




Tl T PR YRR G TR T e TR

=
ot
o
O
ey
=
)
ot
o
=
FEy
oy 3 3
0 Variation No, (1.25 x 10  kg/m Density)
Q [—
& 5 b— O 1, 125 pym
O 2, 180 um
O 3, 250 pm
. | 1
100 200 300 400 500
Time, Hours
Figure 38. Percent Oxidation Weight Gain After Static
Oxidation of BN-Free Material Variations 1
Through 3.
=
o
3]
U
ey
=
b0
D e
2 10 ‘ O
& S—C7 ! 3. 3
® Variation No. (1.35 x 10 kg/m Density)
Y
s O 4, 125 um ]
O 5, 180 pm
O 6, 250 um
0 |
0 100 200 300 400

Time, Hours

Figure 39. Percent Oxidation Weight Gain After Static
Oxidation of BN-Free Material Variations 4
Through 6.

62

e




CRE AL T T TR T R T ATETTRCE ST

TR TR RN T T TSR A et s e e

25

=
s
O J
=
=
&
Lol
O
= |
+ —f b
5 10 — ~{— il
5 i} —O— —O- )
=1 ) [ !
. 3 3 .
5 b Variation No, (1.45 x 10 kg/m Density)
O 7, 125 un
O 8, 180 um
O 9, 250 pm
0 N i ]
100 200 300 400 500

Time, hours

Figure 40, Percent Oxidation Weight Gain After Static

Oxidation of BN-Free Material Variations 7
Through 9,

]
¥




e i N el S

S

*SINOH Q05 103 (4
UOTIEBPTXQ DTIBIS 193V 92ZT§ 2104 Wt Qg pue A3rsuaq (gwd/3 ¢y
moa X G%*'T 30 Terialel sy

.0062) A v¥9T 3® 2ansodxy
‘1) ms\wx
-Ng ® JO UOTIJ}D03§ SSO1) B JO IINIONIISOIDTW [BITAA],

*T% 2an314

Zorg

uoqaen
pajoeaxup

areos %o1s oyl

*j}jI0M3dU HIS/TS 22Ul SpunoxaIns
‘uUOqJIBO pajoBaIUN BIB JHIS OY3J OPTSUT seate Aeald dyIep ayj pue
‘15 aae sBaxs 931TyYM Yyl ‘Ors oxe seaxe Lead QySrT oyl ‘saxod sxe seaxe NorIq YL e

64

-




I ol i T

(<6} T {0z2) 6576 1e) 8 (oLy) oL°e ") 0°61 (9°6) %' 6L 6
(oot) 6L°C (002) 80°¢ (92) L (ov1) 96° % [CAR] 0% L3 (7°01) %9°T €8 6
(59) S9°1 (0Z2) 6S°S 92) [ (1R )) 6L°2 (7)) 0Ll o) 657 98 8
(zot) 65°C (002) 20°1 (62) L0 [CYAR] g1t 7<) 13 ¥4 7°8) fr°e S8 R
) s8°1 (012) €L’s ) L0 (so1) 1977 () 1°6 (L 60D) 00°S 06 L
(1Y) [ARN ¢ (012) €E°S 92) L0 (son) 19°C (CanA ¢'6 (L°RT) YA 06 L
($11) 26°7 (st2) 9%°S @ 1°1 (0ST) 18°¢ 9°9) 0zl (re) 9077 7L 9
(£E0) 8E "¢ (0s2) SE°9 [(:19) €1 (148 18"t (€°9) 017 (s 8) 91°2 <9 9
(s01) 19'7 (0%2) Qr°9 (Le) 6°0 (091) 90°% o 0° 11 '9on) wTY 8L <
(yz1) sU'e (0%2) () ] () 11 (©91) 90°Y (8°2) 011 (€£791) 91°% <t <
sz 81°¢ (sz0) s (€42 870 «©e) €7°¢ v 2) $'6 (L°81) Sty 8 \
(zen) SE°t (582) k2N (€0) 8°0 (0s1) 18°¢ (6°1) gL (5°€2) 0L"S 8 5
448 %8°7 (592) €9 %) €1 (s61) %6°¢L (p°€) T (L") L6°¢ 1L €
(6240 06°27 (5s2) 879 (0s) LR ¢ (691) 90"y (L9} 0797 (8" 9) (AR 8¢ €
(zeD) set (0s2) S€°9 (9%) 1 (061} £R°Y (TS 676 (6°L1) (49 9s z
(071 95°¢ (o%g) %9°8B (L) a1 (081) JAN 4 (s 1) 676 (9°0L) Lt 0s <
(rzn to°¢ (0S7) <e’9 ov) 01 (sE1) €t G128 67t T +9°G ®9 1
(£51) £9°¢ 012) [ (96} LA (os1) 18°¢ 61 < L (G %6°S 7L T
) _ oL x" Gw) | ot x® [0 E_ xa| () | 01T X1 m | ot ™ w/s | {11w) —.Tﬁ X w ASty “OoN uoT1vTIEA
yadaq 1a3dwerq yidag amnowerq 101003 A11arscay qadaq co«mOum‘ll sEAUPIPH
1a3e1) 3onduy DFISTITEd QU-33 [ 1a3ra) ddedw] SYISTLIVE Q-1 1
*uo13EpPIXQ INOH-00S (I ,0062) A yPo1 1933V
wHN..HRQPNS aaxJ~-Nd uo eje( s31SalL Sutuaaads hhmﬁﬂaﬁHO.ﬂﬂ ‘€1 GHQ&.H

65




Figure 42.

66

Ballistic Impact Resistance Test Results on BN-Free Materials.
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Summary of Initial Screening Test Results on BN-Free Material .
Systems

1. None of the BN-free material variations showed any blade material
transfer (scabbing) in the abradability test.

2. The surface hardness, cold particle erosion resistance, oxidation <
resistance, blade wear/depth of incursion ratio, and ballistic
impact resistance increased with an increase in the density of
BN-free materials.

3. The increase in pore size (for the same density) increased ero-
sion resistance, oxidation resistance, and blade wear/depth of
incursion ratio and decreased surface hardness and ballistic
impact resistance.

4. The effect of density variation was more significant than the
effect of pore size variation.

5. Overall, the BN-free materials showed better cold particle ero-
sion resistance, abradability and oxidation resistance compared
to BN-containing surface layers from Task I. Also, BN-free mate-
rials showed less scatter in property data compared to the BN
containing surface layers.

Selection of the Three Most Promising BN-Free Material Candidates

The selection was based on the comparison of screening test data of each
variation against "Musts" and "Wants" requirements. These requirements were
established to meet the overall objectives of a turbine tip seal material
for advanced aircraft engines. The '"Musts" requirements are:

. No blade material transfer (scabbing) in abradability test.

® No melting or disintegration of specimen in oxidation test.

The "Wants" requirements are:

Weighing Factor

1. Good erosion resistance in the as-
fabricated condition 10
2. Good erosion resistance irn the oxi-

dation condition

. Good oxidation resistance

.  Low blade wear in the abradability test

v 0 00 O

3
4. Good ballistic impact resistance
5
6

Good surface finish after rub
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Each "Wants" requirement was given a weighing factor based on its impor- )
tance. The test score of each variation was multiplied by the weighing

factor to give the weighted score for each "Wants" requirement. The var-

iation ranked the best in each "Wants" requirement was given a test score

of 10; the test scores of other variations were then calculated from the

test data. The weighted score of each variation is tabulated in Table 14 |
which also shows the total score for each variation. This analysis was not I
used in the selection of the most promising candidate in Task I because of

a large scatter in property data in BN-containing surface layers.

Selection Results

All the variations met the "Musts" requirements. Based on the "Wants" re-
quirements, Variations 9, 8, and 7 were ranked 1, 2, and 3, respectively
(Table 14). 1In a second analysis in which each "Wants" requirement was given
an equal weighing factor of 10, Variations 8, 9, and 7 were ranked 1, 2, and
3, respectively. These variations have the highest density 1.45 x 103 kg/m3
(1.45 + 0.05 g/cm3) of all the variations evaluated and pore sizes of 125,
180, and 250 um.

4.4 TASK II - ADVANCED SCREENING

Hot Rub Tests

Rub tests were conducted on the three most promising specimens (7, 8,
and 9, Table 2) at 894 K (1150° F) to 950 K (1250° F). The results of the
rub tests are shown in Table 15; Figure 43 shows a representative specimen
after the rub.

The important rub test observations are as follows:
1. All the specimens rubbed well with no objectional blade metal
transfer (scabbing). There was no significant diffevence between

the rubbed surfaces of specimens with varying pore sizes.

2. Specimens with higher surface hardness (Rp5y) showed greater blade
wear to depth of rub ratio.

3. The temperature at the back of some of the specimens (3.1 x 10~3 m
thick) rose to 1089 K (1500° F) due to frictional heat generated
during the rub.

4, In all cases, the shear force during the rub was equal to or less
than 3.0 N (0.65 1h).
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Specimen 6, Table 15

' Figure 43. Advanced Screening BN-Free Rub Specimen
After the Hot Abradability Test.
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§pnding Study

Mach 1.0 gas oxidation/erosion test on BN-free rub layer material systems
could not be carried out because of the lack of a technique to attach the
layers to a solid ceramic block necessary to conduct the test. Therefore,
the Task II Technical Plan was revised to develop a brazing technique for
attaching the layers to a dense ceramic substrate block by using high-purity
silicon. The technique suggested by NASA-Lewis/Solar and developed under con-
tract NAS3-20081 consisted of the following steps:

1. Roughen the HP SiC or the HP Si3N4 surface on a 165-grit diamond
paper, clean with solvent, and dry.

2. Clean and dry the BN-free layers.

3. Apply Nicrobraze 500 to both contact surfaces.

4. Sprinkle silicon uniformly before the Nicrobraze dries; the number
of Nicrobraze and silicon applications determines the thickness of
Si powder.

5. Record weights and thicknesses.

6. Place in the furnace with a small amount of pressure to assure con-
tact.

7. Heat to 1755 K (2700° F), kecp at temperature for 5 minutes under
vacuum.

Table 16 summarizes all the experiments to braze the BN-free layer to a
hbot pressed silicon carbide or a hot pressed silicon nitride block. The
metallographic examination (Figure 44) of a BN-free layer bonded to a hot-
pressed SiC block showed a metallurgical bond in which the braze interfa:e
consisted of Si + SiC instead of pure Si. Specimens from the promising ex-
periments 8992-1B and 8336-1B, survived thermal cycling from 1477 K
(2200° F) and 1589 K (2400° F) but failed at low strengths 1.8 MPa (265 psi)
and 3.3 MPa (480 psi), respectively, in tensile bond tests. Examination of
the fractured surface after tensile testing, showed that the BN-free layer
was bonded in only about one-fourth of the cortact area near the perimeter of
the HP SiC block (Figure 45). It was postulated that the partial bonding
could be duc to a thermal gradient within the HP SiC block because of a too
rapid heating rate. In experiments 9038-1A, -1B, and -1D a slower heating
rate was used to reduce any thermal gradient. The fracture sur{aces of exper-
iments 9038-1A and -1D showed wetting of the silicon across the entire sur-
face rather than wetting at th: perimeter only. However, the bond was not
adequate as evidenced by early failures in thermal shock and bond tests.

In experiments 9064-1A, -1B, and ~1C, a heating rate slower than that of
experiments 9038-ia, -1B, and -1D was used. Specimen 9064-1A was heated to
1723 K (2642° F; while Specimen 9064-1B was heated to 1671 K (2552° F) and
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Figure 45,

Specimen from BN-Free Bonding Exper-
iment No. 8336-1B Showing Nonuniform
Wetting of Si on the Hot Pressed

5iC Block.




Specimen 9064-1C was heated to 1693 K (2588° F). The bonding in Specimen
9064~1A was improved from experiment 9038 specimens. Specimens 9064-1B and
-1C showed poor bonding.

In summary, the experiments conducted in this program did not yield a

reproducible bond. Further experimentation is necessary to improve the bond
strength and the reproducibility of the technique.

4.5 TASK III - ADVANCED LABORATORY EVALUATION

Task IIT included specimen fabrication, Mach 1.0 gas oxidation/erosion
test holder modification and checkout, and the 1644 K (2500° F) Mach 1.0 gas
oxidation/erosion test of BN-containing layer specimens on hot pressed sili-
con carbide and Silcomp™ substrates. During farication, cracks in the braze
interface (between the surface layer and the hot pressed SiC substrate block),
which sometimes propagated into the HP SiC block, occurred upon diamond and
ultrasonic machining of the composite specimen. A modification to the speci-
men geometry and a slower furnace cooling-down cycle alleviated the specimen
cracking problem. In addition, only ultrasonic machining was utilized.

Prior to the 1644 K (2500° F) Mach 1.0 gas oxidation/erosion test of
ceramic specimens, it was necessary to modify and check out the holder. Mod-
ifications were necessary because:

. The holder showed signs of thermal distress and weld cracking.

The following changes were incorporated in the test holder:

L. Add Zr0jy-coated HS188 metal Spacers around all the contact sides
of the ceramic specimen. The use of a plasma-sprayed zirconia
coating was expected to (a) limit heat flow to the metal holder,
(b) prevent chemical reactions between SiC and metal holder, and (c)
provide compliance against point loading of the ceramic specimen.

2. Add ZrOg-coated heat shield to minimize radiation losses.

3. Add IN718 springs on the loading side of the ceramic specimen to
provide additional compliance against point loading of the ceramjc
specimens.

Six hot pressed silicon carbide blocks without the surface layers were
used in the holder checkout test and carried out at the following conditions:
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® Gas Velocity = Mach 1.0

® Holder Rotation = 400 rpm

® Cycle = 55 minutes hot and 5 minutes cold

. Temperature, K (° F) = 1366, 1422, 1477, 1533, 1589, 1644 K

(2000, 2100, 2200, 2300, 2400, 2500° F)
® No. of Cycles = 5 at each temperature

The holder and all the specimens performed satisfactorily in the test except
for some weld microcracks in the holder. Consequently, the holder was slight-
ly modified for the subsequent tests. The IN718 springs which were placed on
the loading side of three (out of six) ceramic specimens completely relaxed.
Since they did not offer any advantage, they were not used in future tests.

The Mach 1.0 gas oxidation/erosion test was conducted at 1644 K (2500° F)
with the layer containing specimens. Three of the six specimens had hot
pressed silicon carbide; the other three had SilcompTM as the substrate mate-
rials. As shown in Table 17 and Figure 46 five out of six BN-containing
layers showed excessive layer erosion in only 2 to 5 hours of testing at 1644
K (2500° F). Also, on inspection after the third and the fifth cycles, two of
the specimens were found to have fractured, and the layers from two specimens
spalled off at Cycle 3. It was noted that the two specimens had fractured in
the area exposed to the high-velocity gas stream, and not in the areas where
the specimens were held in the metal holder, indicating the adequacy of the
test holder. The test was stopped after 5 hours of testing. After the
oxidation test, the specimens were evaluated for surface hardness (Rjsy),
room temperature abradability, and cold particle erosion resistance.

A second test with five new specimens (one continued from 1644 K
[2500° F] testing) was conducted at 1589 K (2400° F). Ail the specimens
showed unacceptable layer erosion at this temperature after eight l-hour
cycles. Consequently, the test temperature was lowered to 1533 K (2300° F).
The results of the test at 1584 K (2400° F) and 1533 K (2300° F) are sum-
marized in Table 18. Figures 47 through 50 show conditions of the specimens
at various stages of the 1589 K/1533 K (2400°/2300° F) test. After oxidation
exposure, the specimens were evaluated for surface hardness, room temperature
abradability, and cold particle erosion resistance.

The following conclusions were drawn from the first and second Task III
Mach 1.0 gas oxidation tests:

° The BN-containing layers showed inadequate and variable gas erosion
resistance at temperatures as low as 1533 K (2300° F).

] The Silcomp™ interface which was used to braze the surface layer
to the HP SiC blcck showed an erosion loss due to gas erosion/

oxidation at 1533 K (2300° F).
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Figure 48. Second Task III Mach 1,0 Gas Oxidation/Erosion Spe:imens
After 8 Hours at 1589 K (2400° F) and 20 Hours at 1533 K
(2300° F).
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5 Hours at 1589 K (2400° F) 8 Hours at 1589 K (2400° F)

8 Hours at 1589 K (2400° F¥) 8 Hours at 1589 K (2400° F)
12 Hours at 1532 K (2300° F) 20 Hours at 1533 K (2300° F)

Figure 49, Second Task III Mach 1.0 Gas Oxidation/Erosion Speci-
men 16FA2 at Various Stages of Testing at 1589/1533 K
(2400°/2300° F),




Closeup View of Task 111 Mach 1.0 Gas exidation Specimen 236AI

Figure 50.
After 8 Hours at 1589 K (2400" 1) aad 10 Hours at 1533 K (23007 F),
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° The bond of the BN-containing layer to the HP SiC block was
marginal, as evidenced by layer spallation.

) No definite correlation exis. d between the surface layer hardness
and hot gas erosion.

' Melting of free silicon occurred in the laver, the Silcomp™ inter-
face, and the SilcompTM substrate block.

The exposure of the BN-containing abradable layers to the hot gas environment
affected hardness, rub characteristics, and the cold particle erosion resist-
ance. Though there was a large scatter in these data, the surface hardness of
the layers (R)sy) increased by about 10 points. The increased hardness re-
sulted in improved cold particle erosion res.stance. In abradability tests,
the specimens had a slight tendency for scabbing (blade material transfer).

The results of the first and the second Task II1 Mach 1.0 gas oxidation/
erosion tests were different from the results of the Task I test which showed
that the material was capable of surviving 84 hours at 1477 K (2200° F) and
16 hours at 1589 K (2400° F). Based on the tests conducted under this program
and under various GE programs, the hot gas erosion resistance had previously
been related to the average surface '.rdness (Rj5y) of the BN-containing rub
layers. Layers with average surface hardness below 50 experienced hot gas
erosion, while layers with hardnesses between 55 and 91 did not erode. How~
ever, in rub tests conducted under in-house GE programs, the harder layers
with Rysy > 75 caused blade material transfer (scabbing). Thus, a hardness
range of Ryj5y 60 + 10 was selected. The Task IIl Mach 1.0 tests were in-
tended to evaluate specimens made to spaa this hardness range and to gener-
ate longer-time gas erosion data at 1644 K (2500° F). The ll specimens used
in the test had surface hardnesses (Rjgy) ranging from 46 to 77.

In attempting to explain why the results of the first and the second
Task IITI Mach 1.0 gas oxidation/erosion tests conducted at 1533 K (2300° F)
to 1644 K (2500° F) were different from the Task I test, it was postulated
that preoxidation of the layers could improve the hot gas wvrosion resistance
of the layers because the microstructure of the Task I Mach 1.0 gas oxidation/
erosion test specimens showed a continuous oxide film around the Si/SiC
network whereas the Task 1II Mach 1.0 test specimens showed either the absence
of or a liscontinuous oxide film (Figures 51 and 52).

A third Task III1 Mach 1.0 gas oxidation/erosion test was ccnducted using
new specimens. Details of the test are given below.

[ Gas Velocity Mach 1.0

] Holder Rotation 350 rpm

° Cycle 55 minutes hot, 5 minutes cold
. Temperature, K (* F) 1477 K, 1533 K, 1589 K

(2200, 2300, 2400° F)
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R

® No. of Cycles 15 at each temperature

The temperature was monitored by a two-color pyrometer sighted on the rotat-
ing ceramic specimens. Ultrasonic scans (Figure 53) of the surface layers
attached to the substrate blocks were made prior to the test to detect any
unjoined area that could lead to layer spallation which occurred in the first
and the second Mach 1.0 gas oxidation/erosion tests. In the scan, a dark
area signifies poor bonding. The test was conducted initially at 1477 K
(2200° F) for 15 hours to preoxidize the specimens, and then the temperature
was raised to 1533 K (2300° F) and eventually to 1589 K (2400° F) for 15 hours
each, for a total of 45 hours of operating time. Two statically oxidized
specimens at 1366 K (2000° F) for 65 hours were also used to evaluate the
effect of prior static furnace exposure. The plan to test the specimens at
1644 K (2500° F) could not be carried out because the refractory liner in the
specimen chamber was excessively eroded. The results of the oxidation test
and the post test evaluations are given in Table 19.

Photographs of several specimens are shown at various stages of Mach 1.0
gas oxidation/erosion testing in Figures 54 through 56. Observations made
concerning the erosion behavior of the BN containing rub specimens in this
test are summarized below:

1. The specimens showed a significant improvement in the hot gas ero-
sion resistance compared to the first and the second Task III Mach
1.0 gas oxidation/erosion tests.

2. The specimens showed no erosion after running at 1477 K (2200° F).

3. Slight erosion initiated at 1533 K (2300° F): the erosion was evi-
dent in slight rounding of previously square edges and in increased
surface vroughness of the layer surface. Erosion continued at
1589 K (2400° F), but the rate was not different from the 1533 K
(2300° F) test.

4, The erosion behavior of the specimens preoxidized stat ':illy at
1366 K (2000° F) was not significantly different from t.ose which
were not preoxidixed in situ.

5. The microstructural examination shows $i0; film around some of the
Si/SiC network (Figure 57).

Posttest evaluation indicated that the surface hardness of the layers
increased by 15 to 22 points due to oxidation exposure. Therefore, the sur-
face hardness (Ry5y) of the layers ranged from 78 to 94. The room tempera-
ture rub tests showed large blade wear to depth-of-incursion ratios and blade
material transfer in all the specimens indicating unacceptable rub properties
of the exposed specimens (Figure 58). Cold particle erosion and room tempera-
ture rub test results on as-fabricated specimens are also shown in Figure 58
for comparison. This observation was consistent with observations made under
in-house GE programs that rub layers with surface hardness (Rjs5y) greater
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1.

AT ROTEET

than 75 have a tendency for blade material transfer. The posttest cold parti-
cle erosion resistance did not change significantly. The Task III Mach 1.0
gas oxidation/erosion test and posttest evaluations indicated that although
the hot gas erosion resistance of the BN-containing layers was improved by
preoxidation, the abradability of such layers was not satisfactory.

The following conclusions were drawn from the Mach 1.0 gas oxidation/
erosion tests conducted in this program:

The as-fabricated layers with surface hardnesses (Rys5y) below 50
eroded excessively, and layers with hardnesses above 50 showed ac-
ceptable hot gas erosion resistance at least up to 1477 K (2200° F).
At temperatures above 1477 K (2200° F), the specimens in the as-
fabricated conaition eroded excessively. Improvements in the hot
gas erosion behavior at temperatures above 1477 K (2200° F) were
obtained by preoxidizing the specimens prior to the test or in the
test at 1477 K (2200° F).

The preoxidized layer specimens showed improved hot gas erosion
resistance. However, the surface hardness of the layers increased
due to preoxidation exposure, consequently increasing blade wear

in the rub tests. The abradability of these layers was not satis-
factory. The satisfactory combination of hot gas erosion resistance
and abradability was not obtained.

The formation and retention of silicon dioxide by oxidation of free
silicon in the Si/SiC network affected hot gas erosion resistance
and abradability of the BN-containing rub layers. The oxide reten-
tion is necessary for adequate hot gas erosion resistance. The
limited data generated in this program indicated that the oxide is
formed as a continuous film around the Si/SiC network and can be
retained up to 1477 K (2200° F) in the Mach 1.0 gas erosion environ-
ment. Above 1477 K (2200° F) the oxide tends to be viscous and be-
comes discontinuous around the network and, therefore, may not pro-
vide adequate long-term protectior.

There was a large data scatter primarily because the process for
fabricating the rub layers is not yet fully reproducible. BN as an
additive was found to be the main variable controlling the micro-
structure and properties of the rub layers. The effects of other
variables such as BN particle size and distribution, comminution of
the BN particles during preparation of layers, and the furnace cycle
(temperature, time and heating rate) need to be studied in order to
increase the reproducibility of the fabrication process,
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5.0 CONCLUSIONS AND RECOMMENDATIONS

The silicon carbide composite structures with attached BN-containing
Si/SiC rub layers have shown good abradability and resistance to
oxidation, gas erosion, thermal shock, and ballistic impact damage
up to 1477 K (2200° F).

For 1644 K (2500° F) application, a satisfactory combination :x hot
gas erosion resistance and abradability was not achieved. Fui*her
improvement in hot gas erosion resistance may be achieved by: /)
varying the relative amounts of $iC, BN, and free silicon; (2) =2
preoxidizing treatment; (3) a study of the role of free silicon,
specifically its formation and reiention characteristsics and
methods to retain the silicon dioxide which is formed during oxi-
dation exposure.

Improved hot gas erosion resistance may also be achieved by using
harder layers containing low BN additives. Such layers will be less
abradable and will require the use of abrasive tipped blades. Any
future ceramic turbine seal development program should include ef-
forts to develop an abrasive tip system which can rub into the ce-
ramic seal without causing excessive blade wear.

The BN-free Si/SiC layers showed better abradability, cold particle
erosion resistance, oxidation resistance, and ballistic impact resis-
tance than BN-containing Si/SiC rub layers. A technique to bond
these layers to a dense ceramic block is needed for further evalu-
ation. A bonding technique utilizing pure silicon was studied but
needs further improvements in bond strength and reproducibility.

Both BN-free and BN-containing Si/SiC rub layers showed marked im-
provements over the baseline material, Bradelloy 500, in oxidation
resistance, erosion resistance, abradability, and ballistic impact
resistance.

Although the ceramic seal materials have shown marked improvement
over Bradelloy 500, a successful application of ceramic materials
will require additional work in the following areas:

' Attachment of ceramic components to the nickel- and cobalt-
based superalloy components

. Reliable data base for safe design and performance

) New design concepts incorporating the brittle nature of

ceramic materials

' Improved quality control, nondestruct ive evaluation, and
life-prediction methods

) Reproducible and near net shape processing techniques.




S . Fi ik & STEEOEETETAT o Ty T s e AR s A e e T e e s S T e e R T e e e T

6.0 REFERENCES

1. Bessen, I.1., Rigney, D.V., and Schwab, R.C., "Improved High Pressure

Turbine Shroud, Final Report," NASA Contract NAS3-18905, NASA CR-1235181,
February 1977.

929




