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ABSTRACT

The Ceramic Swutionary Gas Turbine (CSGT) Progem is
evaluating the potential of using menalithic and composite ceramics
in the hot secdon of industrial gas wrbines, Solar Turbine's Centaur 50
engine is being used as the test bed for eeramie eompanents. The first
stagc blade, first stage nozzle and the combustor have been selected 1o
develop designs with retrofit potential, which will result in improved
performance and lowered emissions. As part of this DOE spensored
initiative a design and life prediction database under mlevant
conditions i3 being genersted. This paper covers experiments
condueted to date cn the evalustion of momolithic siicon based
ceramics. Mechanical property characterizations have included
dynamic fatigue testing of tensile as well as flexural specimens at the
temperaires representative of the blade root, the blade airfoil and the
nozzle airfoil. Data from subcompanent testing af blade attachment
conceps are also included,

INTRODUCTION

Silicon based ceramics have been evaluated for heat engine
applications since the 1970s, The principal thrust of these effons have
been directed towards antomotive engines as weil as rocket and missile
engines. Sinee these applications do not typically require lives in exesss
of 5000 howrs, a long term datahase for the candidate ceramics has not
been adequately developed. Industrial gas wrbines, on the other hand
typically require tens of thousands of hours of operation between
overhaul Therefore a eritical parn of the CSGT program has been the
establishment of a long term dambase under melevant engine
conditions. Table 1 lists the candidate ceramics for the hot section of
the Centaur 50 gas mrbine, Primary metallic companents sslectad for
replacement with ceramic materials are the first stage blade, the first
stage nozzle and the combustor liners. The testing strategies for the
blade, the nozzle and the combusior are given below:

Blade

For the ceremic insertion version of the Centaur 50 engine the

TABLE 1. CANDIDATE MONOLITHIC CERAMICS

Fﬁ Mame

Component
MNACS:s NT-1564 Hiped Silicon Mitride Blades
MACs NT-164 Hiped Silicon Milmde MNozzles

MNACSs NT-230 Reaction Bonded Combustor Rings

Silicon Carbide

CCs GN-10 HIPed Silicon Nimride Blades
Kyocera's SN-253 Gas Pressure Bladas
Sintered Si N,

MNGK'S SN-88 Gas Pressure Sintered Nozales
SiNy

Carborundum’s Hexoloy SA Alpha Nozzles
Sintered Silicpn Carbide

Carborundum's Hexoloy 5A Alpha Combusier Tiles
Sintered Silicon Carbide

B F. Goodrich's SIC/SIC Combustor Liner

Babcock and Wileox's ALOL/ALD, Combustor Liner

Dupont Composite’s SiCﬂ'SiE Combustor Liner

gesign operating temperatures of the blade airfol] and the blade root are
below 1093 *C (2000° F), The failure mades of principal concem for
this component are fast fracture and slow creck growth. The following
tests were planned for the blade candidate materals:



1) Dynamic fatigue testing (2 decades difference in crosshead
speed) of machined flexure bars at 760°C (1400°F).

2)  Dynamic fatigue testing (2 decades difference in crosshead
speed) of as-fired flexure bars at 1093°C (2000°F),
simulating the airfoil.

3)  Fast fracture testing at relevant temperatures, to complete
the database.

4) Static flexure fatigue testing at 760°C (1400°F) for up to
4000 hours.

Blade
attachment testing involves the evaluation of various ceramic blade
root configurations under static and cyclic loading. Because ceramic
blade to metallic disk attachments typically degrade due to the
combination of centrifugal (CF) blade loads on a ceramic to metallic
interface and relative motion (tangential sliding) at the loaded interface
due to differential thermal expansion of the ceramic blade and metallic
disk, the CSGT attachment testing focuses on these two primary
conditions.

Nozzle

Failure modes for the nozzle could be fast fracture, slow crack
growth or creep because the peak temperature could be as high as
1288°C (2350°F). Also the peak stress location coincides with the
maximum temperature. Therefore the test plan includes investigation
of all three potentially life limiting modes. Oxidation is a subset of the
long term stress tests but will also be evaluated for it's effect on fast
fracture.

1)  As-fired flexure bar testing at two different crosshead
speeds (2 decades different). Test temperature of 1288°C
(2350°F).

2) Dynamic fatigue testing in tension at two different
crosshead speeds (4 decades different).

3) Tensile stress relaxation tests at 1300°C (2372°F).

4) Tensile stress rupture testing of tensile rods for up to 10,000
hours.

Combustor

The peak temperature of the combustor rings and tiles is in the
1150-1205°C (2100-2200° F) range. Since it has been established that
silicon carbides show very little time dependent degradation at this
temperature, the primary failure mode of concem is fast fracture. This
information is available in literature. Sticking due to formation of
glassy surface layer between adjacent tiles and rings is possible and
tests to evaluate this problem are underway.

EXPERIMENTAL PROCEDURE

The previously described tests are being carried out at three
locations, Solar, University of Dayton Research Institute (UDRI) and
QOak Ridge National Laboratory (ORNL). As part of the effort, 25
tensile creep frames were purchased from Advanced Test Systems
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FIGURE 1. SCHEMATIC REPRESENTATION OF THE
STRESS RUPTURE MACHINE AT ORNL

(ATS). The test facilities and the experimental procedure at each of
the facilities is given below,

Figure 1 is a schematic representation of the creep/stress rupture
test machine that will be used by ORNL. The test frames at Solar and
UDRI are very similar to this machine. The primary differences are
that ORNL uses a contact extensometer, Solar uses laser
extensometers and UDRI uses a customnized laser speckle inter-
ferometer system to measure strain. Solar also uses an MTS hydraulic
system for flexural and cyclic fatigue testing.

Sintered silicon nitride and silicon carbide specimens were used

in this smdy. The tensile specimens are cylindrical in shape with

buttonheads for gripping and a smooth transition to the tensile gage
section. The buttonhead tensile specimens having a nominal gage
length of 35 mm (1.38 in.) and a diameter of 6.35 mm (.25 in.) are
used. The final grinding direction in the gage and transition section is
normally longitudinal, to minimize the stress concentrations at
artificially induced surface flaws.

The flexure specimens were supplied bath in the machined
and the as-fired condition. Typically the machining direction is parallel
to the longest side of the bar, but some samples have been deliberately
machined with the direction at 90° to the specimen long axis. These
specimens are used to evaluate the effects of different machining

eters. The dimensions of the flexure bars were 3 x 4 x 45 mm
(MIL-STD-1942(A) specimen size B) with the outer span being 40
mm (1.57 in.) and the inner span being 20 mm (0.78 in.). The
machined flexure bars were ground to a 0.4 micrometer (16
microinch) finish. The as-fired surface acted as the tensile face in the
tests,

Flexural strength was measured in four point bending following
MIL-STD-1942. The tests specimens were loaded at crosshead speed
rates of 0.004 cm/s (0.095 in/min.) and 0.00004 cmv/s (0.00095
in/min). Elevated temperature flexural tests were conducted in high
temperature furnaces attached to the test machine.

Stress rupture tests (static fatigue) are being conducted by first
heating the tensile specimen in a high temperature furnace to 1288°C
(2350°F) and then applying the required load on the specimen. The
weights. The stress rupture machines at UDRI and ORNL have the
ATS stress rupture machines have a 20:1 lever arm and use free added



feature of being able 1o load the unfailed specimens to failure in fast
fracmire mode.

Fraciure origing were identified and characterdzed by light
microscopy  and  scanning  electron mieroscopy  (SEM) The
microsiructure of the candidate malerials were also studied using light
microscopy and SEM on polished and etched specimens and on
fractured surfaces. Energy Dispersive X-ray analysis was used for
composition determination.

Dovetail root and pineed mat amschment specimens wers
supplied by AlliedSignal Ceramic Components (GN-10), Kyocern
Industrial Ceramics Corporation (SMN-253) and Nerion Advanced
Cenmies (NT-164) for testing in an Instran tensile westing apparatus,
The grips for the attachment specimen testing were constructed from
Waspalloy, which is the disk material that will be used for actual
enging lesting, Figure 2 showsa pinned root attachment specimen lest
in progress. The attachment testing is being conducted at loads
representing full CF load conditions, eyelie temperature and CF load
conditions, and rocm and elevated temperamure failure loads. The
brehavior of various compliant layer configurations for the dovetail
blade anachenent specimens at these conditions is also being evaluated.
Prior to each test, the specimens are inspected dimensionally and
visually at 40X magnification. Following each test the specimens are
carefully examined both visually and microscopically to determine the
failure origin and mechanism far failure,

RESULTS AND DISCUSSION
Dvnamic Fatigue Testing for Blades

. Ream
lemperanire strength degradation of silicon nitrides has been reponed
in the literature(Hecht ct al, 1980). The available database was
reviewed for the three candidate materals NT 164, GN-10 and SN
253, Dynamie fatigue strength data as a function of crosshead speed
was found in the literature for NT 164 and SN 253 (Carmathers et al.,
1994), Solar conducted dynamie fatigue strength tests for GN-10on
machined flexure bars. Table 2 gives the results of this t2st, The mean
strength showed a detedoration from 796 MPa (115,46 Ksi) 1o 659
MPa (93.58 Ka) at the lower crosshead speed, The slow crack growth
exponent of approximately 24, is the lowest among the candidate
materials. (The lower the exponent, the greater is Lhe tendency of this
material 1o exhibit slow erack growth,)

FIGURE 2. PINNED ROOT ATTACHMENT TEST
IN PROGRESS

The slow erack growth exponent for the other two malerials NT
164 and SN 253 were determined as 26 (not significantly different
from GIN10) and 100 respectively. Since SM253 does not have
machined surface remnants af HIP encapsulants that can weaken the
parent material, it exhibits better strength retention.

TABLE 2. ROOM TEMPERATURE DYNAMIC FATIGUE TESTING RESULTS

Mumber of Avg Strength Weibull Standard Slow Crack
Mall/Prop Specimens Mpa (Ksi) Modulus Deviation Growth
Tested m ME:I [133)] Exponent (n)
—_——————— — ————
GN-10 10 10
0.004 ems 796 g1
{0.095 in/min) (115.46) (11.8) 24
GM-10 10 g
0, 0004 crmu's 659 78
(0,000 5in'min) (95.58) | {11.28)




TAEBLE 3. DYNAMIC FATIGUE TESTING AT 760°C {1400°F)

- ____'_-._.___-___—__-_-l
Number of Avg Strength Weiball Standarg Slow Crack
Muall'Prop Specimens Mpa (ksl) Modulus Deviation Growth
Tested m Mpa (ksi) Exponent (n}
5N 253 20 10
0.004 ems 700 82
(0.085 in/min) (114.6) (11.96) 112
5N 253 20 13
000004 cm's 758 59
(0.00095 [n/min) (109.9) (8.62)
NT 1564 20 10
0.004 ems 90K 92
(0,095 infmin) {130.6} {13.33 ag
NT 1584 20 g
0L00004 emy's 800 83
(000095 infmin) (1146) (12.1)
GMN-10 20 14
0.004 emfs 674 43
{0.095 infmin) (97.8) 6.3) 28
GN-10
000004 cmvs
(0.00095 infmind
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FIGURE 3. SCANNING ELECTRON MICROGRAPH OF FIGURE 4. GLASSY POOLS ON NT 164 MACHINED
FRACTURE INITIATION SITE- NT 164 SURFACE
{MAG 1000X)
source of failure 1o be 2 38 micrometer (0.0015 inch) inclusion just
Che of the NT 164 flexare specimens fractured at an unusually below the surface. EDX analysis of the defect shows iron present in
low stress of 565 MPa (82 ksi) at the faster crosshead speed. A the inclusion. The presence of glassy pools with dendriles an the

microstructural analysis of the specimen (Figure 3) indicated the surface is the other major type of defect noticed (Figure 4), The SN253



of failure, It was more difficult to ideatify the starting point of failure
for this material. The major featere of this materal, notdced under the
scanning electron microscope was the presence of small protrusions
dismiboted evenly on the surface (Figure 5). A clear comeladon
between the origin of fallure and these protrusions was not established.
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FIGURE 5. SN 253 SURFACE SHOWING REGULAR
PROTRUSIONS. (MAG 1000X)

Ll o

Since the airfoil of the blade can see a peak temperawre of
10237 C (2000°F) and the ceramic airfoil is in the as-fired condition,
as-fired flexure bars of one of the candidate materals, NT 164, wen
tested in dynamic fatigue al 1093°C (2000°F). Takle 4 gives the
results of this testing,

The strength degrades at a similar rate in going from the 0.004
em/s (0095 infmin) w 000004 cmfs (0.00095 infmin) crosshead
speed a3 compared to the 760 °C (1400° F) degradation for tha
machined NT 164 flexun: bars, However, a negative feature of the as-

fired surface is the greater variability in going from specimen to
specimen as compared to the machined surface. Failures originated at
iron inelusions as well as pores on the surface,
Failure times were estimated using equations [1] and [2] (listed
below) and the machined fexure data at 760°C (1400° F).
(opfo,)'=ti] seconds  (Wiederhom, et. al, 1574) [1]
where o, is the 99.0% POS fast fracture strength,
a,, is the peak design stress,
n is the slow crack growih cxpanent,
i is the time to failure in seconds, and assuming it takes |
second at stress for a moterial to fail in fast fracture

Inln (1/P,)) - Inln {1/B,,) = m {lng, - Ing,) [2]

Used o determine the 99% P.O.S. fast fracture strength in equation
|

where P, is the Probability of Survival under condition 1
P,; is the Probability of Survival under condition 2
o, is the stress corresponding to conditon 1
@, is the stress comespanding te condition 2
m is the Weibull maodulus

Cakulztions indicated that the tme to failure s well in excess of
10,000 houss for the SN 253 as well as the NT 164 material, assuming
the design stress for the flexure bar is 255 MPa (37 ksi,

A 4000 hour satc fatigue st on machined flexure bars s
currently underway at ORNL. Test conditions are 260 MPa (37 ksi)
a 760° C (14007 F). The test bars have accumulated 2500 hours of
operation with two unplanned shutdowns, All three flexure bars have
been inspected prior o testing using laser scattering. One of the
fleaurme bars being tested has a proncunced iron éefect on the surface.

Table 5 summarizes the resulis of attachment testing for the
dovetail mot design to-date. At room tempersture the dovetail
specimens failed at stresses 34 tmes the nominal design stress,
Figure 6 shows the failure origin of a fuiled dovetail atachment

TABLE 4. DYNAMIC FATIGUE TESTING OF AS-FIRED FLEXURE BARS AT 1093°C (20007 F)

No. of Avg Strength Weibull Standard
MatlProp Specimens Mpa (ksi) Modulus Deviation
Tested m Mpa (ksi}
NT 164 10 7
.0H cmfs 634 {1}
{0.095 infmin) (92} (14.7) 44
NT 164 10 9
0.00004 em/s 574 78
(0.06095 indmin) i 83.2 {11.3)




TABLE 5. RESULTS OF DOVETAIL ROOT ATTACHMENT TESTING

GN-10 51N, Room Temperature 221 MPa (32 ksi) Test performed in duplicate stopped at 100% design load,
GM-10 Si.N, Room Temperature 824 MPa (134 ksi) Failure in dovetall neck section
NT164 Si.N, Room Temperature 255 MPa (124 ksi) Failure in dovetail neck saction
SM-2831 SiM, Room Temperature 745 MPa (108 kei) Failura in dovetail neck section
SM-253 53N, 760" C (1400°F) 427 MPa (52 ksi) Failure in dovetail neck section

« Average stress determined for Lhe minimum eross section.

0 . 160 micpara
FIGURE 6. FAILURE ORIGIN OF DOVETAIL
ATTACHMENT SFPECIMEN

specimen. A thin (.13 mm/0.005 in.} nickel compliant layer material
was used for room tempenture lesting in order to simulate the
behavior of the actual compliant layer material (nickel based alloy) at
the elevated blade root temperature in actual service, The nickel
compliant layer provided any deformations during loading which
would identify uneven loading of the specimen during testing, The
nicke] based alloy is used for testing at 760° C {1400° F) which is the
approximate steady state temperature of the blade mot in service,
Testing o date has shown that the selected compliant layer material
hias performed well under the blade root conditions.

A single test was performed at the steady stale blade ot
temperature, The faflure load in this test was markedly lower than in
the room temperature test, but was over 2 times the design stress at
actual engine operating conditions. Some locking up of the blade
tacherent specimen and compliant layer matenal in the metallic grip
was ohserved in the lest. This was partly due 1o opening of the
dovetail grip (-0.006 in.) at the high load and elevated temperature.
Minor evidence of contact stress was seen in the failed specimen and
compliant layer material,

This spreading of the metallic grip should not occur in actwal
service since the disk attachment represents a stiffer structore and
adjoining blades in the disk will counteraet the opening of the dovetail
attachment. Also the loads in the disk during actual service will be
much lower than in these proof tests. Analysis of this test i
continuing, Modification of the compliant layers is currently being
evaluated in an amempt to minimize wedging, © provide mone
complianee ot inltial engine star-up, and to provide a measure af
damping of the ceramic blade.

The results of the pinned mof attachment specimens 15 given in
Table 6. The pinned mot attachment specimens failed at stresscs
berween 540 and 620 MPa (78 and 90 ka), which & elose 1o the
steady state stress level predicted for the design of this pinned oot
design.  To evaluare the effect of surface finish, various combinations
of atachment specimens and pins with different surface finishes
(Between r.os 8 and 30 microinch) were evaluated. Pins with a
surface finish of r.m.s. 32 microinch exhibited failure at a radial
machining mark {see Figure 7). Using pins with a surface finish of
r.m.s. § micrainch resulied in failure in the 2nachment roo
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FIGURE 7. FAILURE ORIGIN OF PIN IN MACHINING
GROOVYE



TABLE 6. RESULTS OF PINNED ROOT ATTACHMENT TESTING

_— e ==
< Amﬂi‘;ﬂ | PinMaterial Test Temperature Failure Stress Comments
GN-10 Si,N, GM-10 5i,M, Room Temperamre 550 MPa (30 kei) Pin failure, intemnally initiated

( GM-10 8i,N, SM-233 8i.N, Room Temperamre 587 MPa (85 ksi) Fracture in atachment
NTI164 SiN, NT164 8i,N, Room Temperamre 540 MPa (78 ksi) Pin failure in mdial machining groove
SN-253 3iN, SM-253 SiN, Room Temperature 620 MPa (%) ksi) Fracture in attachment
SN-253 SiN, $N-2535iN, | Room Temperawre 540 MPa (78 ksi) | Fracture in anachment ’

Although the surface finish of the pin impacted the failure
lecation and mechanism, the surface finish did not appear o have a
significant effect on the failure load of the attachment specimens.

A comparison of the dovetail and pinned root atachment
Specimen testing at mom temperature from cach of the three suppliers
is shown graphically in Figure 8. The room temperature failure stress
of the dovetail root attachment specimens was considerably higher
than the pinned root attachment specimens.

1240

FAILUALE STRESS MPa

GEM-10 MT184 EM-253

SPECIMEN MATEAIAL
O Covetail Btace M Firned Root Slade

FIGURE 8. COMPARISON OF DOVETAIL AND PINNED
ROOT ATTACHMENT SPECIMENS

The pinned root blade design has been modified to reduce design
stress Jevels 10 ~255 MPa (37 ksi) from the original levels of 586 MPa
(85 ksi}. The modified pinned root amachment specimen is expected
to provide a margin of safety by a factor of 2-3, Attachment specimens
of the modified pinned root blade design have been fabricated in SN-
253 (KICC) and will be tesied under conditions similar to those for the
dovetail design,

Cold spin testing will be conducted on simulated or dummy mass
blades machined from attachment specimens and on actual blades.
Spin test 1 mtztonal spesds that simulate engine CF Hade loads on
the simulated blaces will be conducted at ambient conditions. Cold
spin testing will also be performed on first and sccond generation

blades as a proof test, The blades will be tested at speeds that will be
increased 1o 1 2046 of the design stress, Blades that pass the proof test
will be used in the gasifier fg test following Non Destructive
Evalualion.

The SN 88 silicon nitride shows exczllent dynamic fatigue
behavior, It is bebieved that the compesition of the sintering aid malkes
this material less susceptible to environmental degradation. Hexoloy
5A is expected to have a very high slow erack growth resistance as
well. Howeaver the strength of the silicon carbide is at least 138 MPa
(20 ksi) lower than the SN 83 material in fast fracturc. The very low
values of m (Weibull modulus) for Hexoloy SA and NT 164 make
them less atactive candidates for the nowzle, The presence of
grinding media in the materdial may explain the extremely low value of
m for Hexoloy SA. It should be noted that the number of NT 164
specimens so far tested is not sufficient o obtain an accurate
determination of the Weibull modulus,

DYNAMIC FATIGUE TESTING FOR NOZZLES

The airfoil of the nozzle will be in the as-firsd condition.
Theefore dynamic fatigue tesling of as-fAred flexure bars at the nozzle
airfoil peak temperature bas been conducted on the candidate nozzle
malerin]s. Table 7 gives the resulls of this testing

i

Tensile dynamic fatigue testing of the four candidale nozzle
materials was carried out al the University of Dayion Research
Institute (UDRI), Twenty tensile specimens (10 at each crosshead
speed) of each material were tested at 0.04 emy/s (0,95 in/min) 2nd
0.000004 cms {0.000055 infmin), These tests were ren on an Inston
1361 Universal Testing machine using the Instron "Super Grip" and
Instron short furnace. The results of all the tests to date, are given in
Table 8.

The faifures wese typically more surface dominated at the slower
crossheid speed. NT 164 had all volume fracture origins at the faster
crosshead spesd, but of the t2n at the slower crosshead spesd cight
failed at the surface. SM 253 had four volume fracnure origine at the
faster crosshead speed but all surface failures at the slower crosshead
speed. Similady SN 88 went from all volume related failures at the
faster crosshead speed to six surface failures at the slower crosshead
speed. This transition w more surface related failures suggests that



TABLE 7. DYMAMIC FATIGUE TESTING OF AS-FIRED FLEXURE BARS AT 1288°C (2350°F)

Slow Crack Growth
!ﬂﬂl‘bﬂlt
NT 164 7 4
0.004 em/s 553 MPa 117
(0.095 in/min) (80.2) {17} 50
NT 164 7 22
000004 crvs 507 19
] 0.00035 infmin) (73.5) [2.82}
SN B3 15 18
0.004 ems 645 e
(0.09% infmin) {93.6) (5.7) 26
I 5N 83 15 3l
000004 cmus 586 24
(0.00095 in/min) {83) (3.52)
Hexaloy 5A 12 In Progress In Progress In progress
0004 emfs
Hexoloy 5A 12 4
0.00004 cmis 434 83
0.00095 infmin} (63) (12}
e —— — — —  — _——— e = = e e = = = = = = =
TABLE 8. TENSILE DYNAMIC FATIGUE AT 1288°C (2350°F)
= —na— e T—— —
MatlProp Number of Specimens Avg Strength Standard Deviatlon Slow Crack Growth
Tested Mpa (ksh Mpa ksl Exponent (o)
NT 164 10
0,04 emfs 442 22 19
{0.95 in/min) (64.1) (3.2)
NT 164 10
0000004 emis 6 %
(0.000045 infmin) (43) [5.6)
SN 253 10 27
004 cmfs 580 21
(0.95 in/min) (B5.6) (3.9
SN 153 10
DOO0004 emis 38S 14
(0.000095 in/min} {55.9) (2.00
lr SN 38 1o
0.0 ems 461 55 182
(0.95 infmin) (646.8) [(1] 'I
i
EN 88 10
DOO0N0E emis 438 17
(0000055 in/min) (53.5) (2.4}
Hexoloy SA 1
0.04 ems 453 6
{0.95 Infmin) (65.7) {8.1) 65
Hexoloy SA 10
000004 emis w3 £5
(0.000095 in'min) {STg (12.3)




the enviroament is inducing the surface eracks to grow ata faster mte,
causing them to predominate over the volume defects. Analysis of
defiects on the sorface at the two crosshead speeds did not give a value
of n that differed significantly from data that had both surface and
vohume defects. SNES tensile bars have a value of n equal ta 182, that
iz higher than the value of n = 96 for flexure bars. Sincen hasan
exponential relation with stress and stressing rate, a small variation of
stress can result in a large vadation of n. o above 20 essentially
indicates no slow crack growth,

The NT 164 strength was considerably lower (103 -138 MPa or
15-20 ksi) than datn obtained for a similar NT 164 under the Ceramic
Technolegy for Advanced Heat Engines (CTAHE) program in the
same lemperature range. On exposure to 1288°C (2350°F) the NT
164 specimens showed a spotted surface (Figure 9). Light element
cnergy dispersive X-my spectroscopy (EDS) using an Auger
spectroscopy system revealed a relatively high concentration of sodium
n this megion (Figure 10). Figure 11 shows a volume frecture onign.
EDS of this surface revealed an Fe inclusion, which seems o be a
major cause of low strength fractures. Therefore the low strength
failures eppear o be caused both by migration of sodium from the
encapsulant glass (used in the HIP process) 1o the dark surface areas
causing premature faileres and by the frequent presence of Fe
inclusions,

[

FIGURE 9. SPOTTED SURFACE ON TENSILE SPECIMEN
SURFACE TESTED AT SLOWER CROSSHEAD
SPEED (1288°C -2350°F)

The 5N 253 material exhibited the highest Weibull modulus of
any of the candidate materials. As a result the ratio of tensile strength
to flexure strength of this material can be expected to be very high.
The protrusions (Figure 4) on the surfice appear to play 1 major role
int the high Weibull modulus providing a consistent fracture initiation
site, The degradation in average strength in going w the slower
crosshead speed is almost 207 MPa (30 ksi} and all the failures were
surface related,

SN E8 has a lower fast fracture strength as compared to SN 253
but it retains almaost all of ils strength at the slower crosshead speed
{exhibiting kess srength reduction than the silicon carbide). The extent
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FIGURE 10. EDS OF SPOTS SHOWING HIGH
CONCENTRATION OF SODIUM

FIGURE 11. TYPICAL VOLUME INCLUSION INITIATED
SURFACE. INCLUSION USUALLY HAS HIGH
IRON CONCENTRATICON

of strain before fajlure is uroswally high as compared to the other

“silicon nitnides. The Hexaloy SA shows minimal degradadon at the

dower crosshend speed. The strength of the material however is lower
than the silicon nitrides tested with the excepdon of NT 164, Static
fatigue and stress relazmtion 1ests have already commenced a1 UDRI
and at ORN] (Farber et al,, 1594)

SUMMARY
Ewvalvation of various silicon nitrides and one grade of silicon
crbride are being performed in suppont of the Ceramic Stationary Gas
Turtne project Results to date have helped fill gaps in literature that
are considered eucial for design and life prediction in this application,
Drmamic fatigue tests were conducted on candidate matenals at
rocdm temperature, 760°C and 1093° C. At room temperature the slow



crack growih exponents(n) of the three candidate blade materials GN-
10, NT 164 and SN 253 were determined to be 24, 26 and 100
respectively. At 760" C the n valees were 28 for GN-10, 38 for NT
164 and 112 for SN 253, NT 164 & the only material tested ar 1093°C
and the n value is 44. Mone veriability was encountered in testing
specimens with as-fired surfaces with fractures originating at pares and
iron inclusions.

Blade attachment tests showed 2-4 times failure stress margin for
the dovetail bladke design. Tests on the pinned root configuration led to
2 redesign of the geometry 1o pravide higher margins.

Tensile dynamic fatigue tests on candidate nozzle materials at
1283° C gave n valees of 182, 65, 21 and 19 for SN 88, Hexoloy SA,
SN 253 and NT 164 respectively.
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