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ABSTRACT in significantly decreased CO and N@missions even at
increased combustor wall temperatures; i.e. ~1200°C or higher
A high-temperature, high-pressure, tube furnace h@sn Roode et al., 1993).
been used to evaluate the long term stability of different In May, 1997, Solar Turbines began field tests of its
monolithic ceramic and ceramic matrix composite materials @entaur 50S natural gas engine fitted with first stage monolithic
a simulated combustor environment. All of the tests have b&emamic blades and CFCC combustor liners at Atlantic
run at 150 psia, 1204°C, and 15% steam in incremental 50Ribhfield Company (ARCO) Western Energy, Bakersfield, CA
runs. The major advantage of this system is the high san{plece et al., 1998 and Stambler, 1997). This test was a major
throughput; >20 samples can be exposed in each tube atmilestone for Solar’s Ceramic Stationary Gas Turbine (CSGT)
same time under similar exposure conditions. Microstructufdogram under the sponsorship of the U.S. Department of
evaluations of the samples were conducted after each 50Bnkrgy (DOE). It was also one of the first application-specific
exposure to characterize the extent of surface damagetegis under DOE’s CFCC Program.
calculate surface recession rates, and to determine degradation  Full acceptance of ceramic materials for this particular
mechanisms for the different materials. The validity of th@pplication, however, is still a daunting task. There is a lack of
exposure rig for simulating real combustor environments wasg-term exposure/testing data for many of the commercially-
established by comparing materials exposed in the test rig améilable and proprietary CFCC materials, especially in
combustor liner materials exposed for similar times in an actgalrosive environments similar to those encountered in an
gas turbine combustor under commercial operating conditio@stual turbine combustor. It is desirable to use a laboratory test
to screen the viability of the different CFCC compositions;
using actual CFCC combustor liners (even sub-scale) in real
INTRODUCTION engine tests to generate data is an exceptionally expensive
undertaking. Prior knowledge of a CFCC's stability is
Continuous fiber-reinforced ceramic  matrixextremely important before placing that material in a field test.
composites (CFCCs) are being developed to replace sevBaner rig studies have been conducted on different SiC
metal components in industrial stationary gas turbines. Qnaterials (Robinson and Smialek, 1998, Etori et al., 1997),
such application that has received a significant amount hafwever, these tests are somewhat limited in that only a few
attention in the past few years is the uncooled CFCC combus@mples can be exposed simultaneously and typical runs are
liner. The use of CFCC materials for this component can resuity 100 h. Long term data is then extrapolated from the 100 h



results. No burner rig data are currently published for Si@mount of degradation observed, the specimens were either
based composites. Since the operating lifetime goal for filaced back in the furnace for additional 500 h exposures under
CFCC combustor liners will ultimately be >30,000 h, the same conditions or removed from the test. In this way, the
complete understanding of the microstructural stability for tineost promising materials could be exposed for very long times
many CFCC materials after long exposures in theaed new materials could replace less stable materials removed
environments is critical for their future placement in thisom the tests.
application and other hot-section components. The CFCC liners from the ARCO field test were used
The major goals of this program were twofold: (1) tas the microstructural “standard” for the first several runs in the
provide a means for exposing large numbers of different CFO®RNL rig. The ability of the ORNL rig to simulate a
materials to a simulated combustor environment for lomgmbustion environment and reproduce the microstructural
periods of time (initially up to at least 3000 h) and (2) tdamage observed in the ARCO liners was one of the most
determine the primary degradation/recession mechanismsif@portant goals of this study. The dimensions of the inner and
individual CFCC compositions as a function of time at thmuter liners used in the ARCO test were nominally 33 cm and
maximum temperature the CFCC liners experience durii§ cm in diameter, respectively, with a height of 20 cm and a
engine tests. This is being accomplished using a highickness of 2.5 mm. The outer surface of the inner liner and
temperature, high-pressure, tube furnace which was origindhg inner surface of the outer liner were the working surfaces of
constructed to conduct corrosion/leak tests on ceramic materilaés two liners. Both the inner and outer liners were made of
for a steam reformer application (Keiser et al., 1996). ThMliedSignal Composites Inc. (ACI) Enhanced SiC/SiC CFCC
furnace permits simultaneous exposure of many specimensviaich had Ceramic Grade (CG) Nicalon™ fibers, a pyrocarbon
temperatures up to 1550°C and pressures as high as 500 pg&rfacial coating, a SiC matrix produced by isothermal
As described below, the Oak Ridge National Laboratochemical vapor infiltration (CVI), and a thin (~§0n thick)
(ORNL) rig has been used to successfully duplicate tB&C seal coat (Gray et al., 1996). This material was selected to
materials degradation/recession observed for a 1000 h field bestused in the first field test because of its performance in
of a CFCC combustor liner run in a Solar Turbines Centaur 5§&eral 100 h sub-scale combustor tests at Solar Turbines
engine at ARCO Western Energy (referred to as the ARCO te€simpson et al., 1997). During the ARCO test, the liners were
Microstructural analyses of the CFCC liners removed from tperiodically inspected for surface dmage about every two
ARCO test as well as samples from the first exposure testeks using a borescope. The extent of damage, usually in the
(verification runs) in the ORNL rig will be described here.  form of visible changes in surface color or structure, dictated
the point at which the liners were removed from the engine test.
In the case of the ARCO test, the engine test was actually
EXPERIMENTAL PROCEDURE stopped after ~948 h as a result of foreign object damage (FOD)
and subsequent failure of the monolithic ceramic blades. Visual
The ORNL rig consisted primarily of a furnace and gasspection of the liners showed considerable surface damage
supply system (Keiser et al.,, 1996). The furnace, capableanfl the decision was made to remove them from the test for
operating at temperatures up to 1550°C, accommodated esiamination. Both liners were still completely intact.
vertically loaded, 8.9 cm diameter tubes, two of which were The engine tested liners were first sent to Argonne
dedicated to this study. The 1.2 m long tubes, used to hold kadional Laboratory (ANL) for non-destructive evaluation
samples and contain the pressurized test atmosphere, WWEE). After NDE, both liners were sent to ACI where tensile
composed of SiC (Hexoloy SA™). The tubes were supportgoecimens (all residual strength measurements were performed
by a metal flange which also provided a gas-tight seal. af ACI) and sections for microstructural analysis were cut.
combination of flexure and tensile CFCC specimens wePdRRNL received a total of three 2.54 cm wide sections; two full
loaded into a 3.2 cm diameter alumina carrier tube which w&sp to bottom) sections from the outer liner and one full section
then inserted into the SiC tube and suspended at the top byfriva the inner liner, as illustrated in Figure 3. Several samples
flange. A “slow flow” gas supply system provided avere cut from each section at ORNL with each sample
pressurized mixture of steam and premixed gas to each tubeepresenting different amounts of visually observed surface
schematic of a SiC tube assembly is shown in Figure 1 andaanage. Metallographic cross-sections were prepared from
typical specimen loading configuration for the alumina carrieach to examine damage as a function of depth from the
is shown in Figure 2. Each alumina tube can hold as manyea&posed surface. The samples were structurally and
30 combined tensile and flexure specimens. In order to besmpositionally analyzed using an electron microprobe
simulate the combustor environment, all tests were conductegiipped with energy and wavelength dispersive spectrometers.
in air at 1204°C (2200°F), 15% water vapor (balance air), aBdlected samples were also prepared for transmission electron
150 psia. Each test was run for 500 h, after which th@croscopy to determine the extent of thermal damage to the
specimens were carefully removed, weighed and measured, fibets.
selectively cut for microstructural analysis. Depending on the
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Figure 1. Schematic of SiC tube and gas assembl
rig. Furnace holds six vertically-loaded tubes.

Tensile specimens suspended
on rodsthrough carrier tube

Flexure specimens held
in dotsin carrier tube

y in OR (F:i'gure 3. Schematic of specimens cut from inner and outer

CC combustor liners after ARCO test.

The primary purpose of the first few ORNL rig
exposures was to verify the ability of these tests to simulate the
combustor environment. Enhanced SiC/SiC tensile bars, which
were co-processed with the ARCO liners (and thus assumed to
have the same starting microstructure) were exposed in two
successive 500 h runs to match the total time that the ARCO
liners were engine tested. SiC Hexoloy SA™ flexure bars and
several different 9N, bars were also included as standards in
order to assess the oxidation kinetics of known materials. The
oxidation behavior of these monolithic ceramics in the presence
of water vapor, albeit at lower pressures, has been well
documented in the literature (see for example Opila and Hann,
1997, Fox et al., 1997).

After each 500 h exposure, the specimens were
removed from the ORNL rig, weighed, and sectioned.
Microstructural examinations were systematically conducted to
measure oxide product thickness and surface recession. It was
determined from these initial runs that the weight and
dimensional measurements were not reliable as a result of
unavoidable handling during removal from the furnace. Such
handling could result in loss of oxide product. Thus,
microstructural measurements were used to determine the
oxidation kinetics.

Figure 2. Alumina carrier tube that holds tensile and flexure
specimens for exposure in ORNL rig.



RESULTS AND DISCUSSION boron were found in these areas (additional matrix constituents
were the source of the B), which caused a reduction in the glass
Microstructural Analysis of ARCO Liners melting point. Matrix constituents containing boron therefore
contributed significantly to the glass formation. Similarly
Visual inspection of the ARCO liners after 1000 hrdamaged areas were also identified well below the exposed
showed “white” areas on the working surfaces of both the inrseirface of the inner liner (arrows in Figure 6) and were
and outer liners. These white areas were initially observedmimarily associated with areas of large porosity (these
the exposed liner surfaces after ~500 h during a viswaimposites typically were only about 85-90% dense),
borescope inspection. The localized white spots on the oduitelicating significant oxidation in these areas also. Formation
liners corresponded directly with the 12 injector impingemeand subsequent recession of the glass product was the primary
areas on the inner surface of this liner. The white spdiggradation mechanism of the outer surface of the inner liner.
indicated a range of localized temperatures since the surfableg process was accelerated by the damage formed below the
between and around these white spots appeared relatigeisface.
unchanged. The exposed surface of the inner liner, in particular,
exhibited severe damage over most of its surface. Figur
shows the inner surface of the outer liner; note the localiz
white damaged regions that corresponded directly wvith (eSS Smmmm
injector impingement areas.
Microstructural examination of the inner liner showe
that significant surface recession occurred during the ARC(
test. As shown in Figures 5(a) and 5(b), comparing sections
the inner liner from the top surface (CFCC exposed to
lowest temperature during the engine test) and from the ce
of the exposed surface of the inner liner (near maxim
damage area), respectively, recession of about 20% of the i
liner thickness was observed and another 25% of the CH
exhibited microstructural damage (see arrows in Figure 5(k
The damage assessment indicated that not only was
protective SiC seal coat (initially ~60m thick) completely
removed during engine testing, but the CFCC constitue
themselves had reacted to form a low melting point glass at|
liner surface. The oxidation of the SiC seal coat (and mat

resulted in the rapid formation of surface silica; the silica th Figure 4. Portion of the inner surface of outer liner; note two

i i i nirOf the localized white damaged regions that corresponded
formed volatile reaction products in the water containir iy o i with injector impingem%nt are%s (arrows). p

environment (Opila and Jacobsen, 1998, Robinson &
Smialek, 1998) resulting in accelerated SiC recession. 1
projected CVD SiC recession after 1000 h under lean-burn Evaluation of the injector impingement areas on the
conditions, estimated from burner rig studies performed ianer surface of the outer liners showed similar microstructural
NASA Lewis, is ~150um at 1200°C, 0.6 atm J@, and a gas damage as that observed on the inner liner, albeit to a much
velocity of 33 m/s (Robinson and Smialek, 1998). THesser extent; the SiC seal coat was completely removed in
maximum temperature during the ARCO test could not Beese localized areas, but only the top CG Nicalon™ fiber ply
accurately measured since the thermocouples failed in the easg adversely affected, as shown in Figure 8. In the areas
stages of the field test. However, based on the intermittsmtrounding the injector impingement regions, the SiC seal coat
visual inspections of the liners during the ARCO test, the s&&s somewhat thinned (the thickness of the remaining seal coat
coat on the inner liner (and locally on the outer liner) waepended primarily on the local temperature), but remained
breached relatively early in the test indicating that thetact. The surfaces of pores below the liner surface were
temperature was ~1200°C, and possibly as high as 1260°©xadized (this was most pronounced below the injector
the hot spots on the inner liner. impingement areas) and in many instances, matrix and fiber
Typical microstructural damage observed at the outdamage around these pores was observed well into the bulk of
surface of the inner liner is shown in Figure 6. Large “pool#fie underlying CFCC. Clearly, on both the inner and outer liner
of glass were observed; the CG Nicalon™ fibers and associateuking surfaces, the “white areas” indicated complete loss of
matrix constituents reacted with the glass and entire fiber totlve protective SiC seal coat. This will be used in future
were consumed during glass formation (as shown in Figure l@rescope inspections as an indication of the point at which the
While most of the glass was primarily silica, small amounts pfotective seal coat is breached.
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Figure 6. Typical microstructural damage observed at the outer
surface of the inner liner. Arrows indiCate areas of “pooled”
glass observed throughout damaged region.
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Figure 5. Microstructural damage at outer, surface of inner lin®}
after the ARCO t . Seg¢ .
(cooler) edge of liner showing intact SiC seal coat and nd?
damaged composite and (b} section taken from center |
exposed surface showing significant surface recession, los{ «
most of the seal coat, and extensive composite damage be
the surface. Damage regions below surface consist primaril
reacted matrix constituents that form glass and loss of fibers

test. (a) . Section of liner taken from tg

Fi%ure_ 7. CG Nicalon™ fibers, were consumed during
extensive matrix glass formation within dam_a%ed regions near
exposed surface” of inner liner. Arrows indicate “fibers at

difrerent stages of reaction with glass.



photograph of the Enhanced SiC/SiC specimen removed after
500 h. Note the excessive amount of glass protruding from the
surface cut before the test; not only is there usually no seal coat
on these ends, but the exposed fiber ends and open areas into
the matrix contribute to accelerated degradation. The specimen
for microstructural analysis was cut at least 1 cm below this
open surface.

cut/open end

Figure 9. Surface of Enhanced SiC/SiC specimen after 500 h

osure in ORNL rig. Material was co-processed with CFCC

Figure 8. Typical microstructural damage observed at the inr@grs in ARCO tes Specimen _aeometrv  contributed to
surface of the outer liner after the ARCO test. Microstructur gnificant glass formation gt cut/ope% edgesy

degradation was similar to that observed for the inner liner.

Cross-sections of the as-processed Enhanced SiC/SiC
composite before and after exposure in the ORNL rig for 500 h
are shown in Figures 10(a) and 10(b), respectively. The SiC
seal coat was fully oxidized across the specimen surface and
Two types of Enhanced SiC/SiC samples Wel{g)er _tows below. the_ surface showed areas of constitue_nt
included in the initial run of the ORNL rig: tensile bars Orfeacthn (r']arr(o)v;/zsNLn Flguredlo(b)). The damaged cltl)mp_os_:te
material co-processed with the ARCO liners which had a gEeas in the ~€xposed specimen were structurally similar
seal coat thickness of ~¢0n and a similar composite with a those opserved for the same material fsn‘ter the ARCO test (see
much thicker ~30Qum SiC seal coat. The second materi jigure 6); localized areas of constituent reaction (glass

provided additional data for the rig assessment; kinetic data ]orrmat|on) are noted in Figure 10(b). The same specimen was

CVD SiC could be accumulated in addition to data for Sie,Paceq back in the.ORNL "9 fof an additional 500 h, thus
(Hexoloy SA™) for comparison with existing burner rig dat Xposing the material for approximately the same amount of

(Robinson and Smialek, 1998, Opila and Hann, 1997) e achieved in the ARCO test. After 1000 h in the ORNL rig,

primary goal of the first two ORNL runs, however, was tge microstructural degradation was extensive, as shown in
|

verify that the ORNL rig could reproduce the microstructur gure 11t’ a_mld was n(taar![y(;detn'g%aclxt)o t:‘_?]t observed_ fo.][. thet
degradation observed in the liners after the ARCO test. ;;gg fg]r?nzrtliz;ne::tgtlr?ee sﬁff:cea ' ere was significan
Visual inspection of the Enhanced SiC/SiC tensi A . . .
specimen after the first 500 h run showed that all the surfac:%sI ngf EnanceS;@/gC ert];ﬁlme'xv:h ?h?'CES\SD SSIC(:Z
were covered with a white oxide product and glass bubbles. s 'dat'on/recevsvs'on rL::\te i the ORNL ri ! Fiqure 12 shows tlhe
important observation made after the first 500 h exposure wagat ' : 9. Figu W

that extensive degradation occurred at cut or open surfacegxé‘f‘at'on of the SiC seal cpat for threg sequ_entlal 500 h
Sxposures. It was determined from direct microstructural

the specimens. These areas had to be carefully avoided durrn %surements that the SiC seal coat recessed by oxidation at a
microstructural evaluation since these could lead to excessw% y

amounts of material degradation that would not ngximum linear rate of approximately#s/500h. Clearly, the

gﬁédation/recession rate of the SiC was accelerated in the

Verification of ORNL Steam Rigfor Simulating Combustor
Environment Corrosion

representative of the extent of damage found in combus . ) .
liners (which have no open or cut ends). Figure 9 is NL rig compared to rates reported prewogsly for CVD S'C.
exposed at lower water vapor pressures (Opila, 1994 and Opila,



1999). A complete kinetic analysis of this phenomenon is
currently ongoing. It is interesting to note that most of the silica
formed on the specimen surfaces during exposure in the ORNL
| i rig was not removed by volatilization as it would be at higher

- gas flow velocities (Robinson and Smialek, 1998). However,
the bulk of this silica is not protective against ongoing oxidation
and the rate of SiC recession is sufficiently high to compromise
the seal coat and allow for extensive composite damage in
approximately the same amount of exposure time as found in
the ARCO test. This is evident in the depth of the damage
2 observed in the Enhanced SiC/SiC composite after exposure in

105 the ORNL rig; the amount of material lost is not indicative of

LT total damage because the environment penetrates into the

' composite and causes the same type of microstructural
degradation below the surface.
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Fl'g_;ure 11. Microstructural degradation of Enhanced SiC/SiC
CFCC after exposure in the NL rig for 1000 h. Compare
microstructural. degradation (reacted™ matrix constituents) in
) ] . Figure 11 (indicated by arrow) to inner liner degradation in
Figure 10. _A comparison of cross-sections of the (a) eFigure 6.

rocessed Enhanced SiC/SiC material and (b) the Enhan

iC/SIC CFCC after exposure in the ORNL rig for 500 h.
Compare localized microstructural degradation (feacted matrix
constituents) in Figure 10(b) (indicated by arrow) to inner liner
degradation’shown in Figure 6.
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Comparison of results from laboratory and combustor

exposures demonstrated that the ORNL rig provides a valid
simulation of CFCC microstructural degradation at a rate which
is comparable to that observed in actual combustor
environments. The rig allows for the necessary high sample
throughput to assess damage accumulation and corrosion
mechanisms for extended periods of time.

SiC seal coat
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