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ABSTRACT 

A high-temperature. high-pressure, tube furnace has 
been used to evaluate the long term stability of different 
monolithic ceramic and ceramid matrix composite materials in 
a simulated combustor environment. All of the tests have been 
run at 150 psia, 1204”C, and 15% steam in incremental 500 h 
runs, The major advantage of this system is the high sample 
throughput; >20 samples can be exposed in each tube at the 
same time under similar exposure conditions. Microstructural 
evaluations of the samples were conducted after each 500 h 
exposure to characterize the extent of surface damage, to 
calculate surface recession rates, and to determine degradation 
mechanisms for the different materials. The validity of this 
exposure rig for simulating real combustor environments was 
established by comparing materials exposed in the test rig and 
combustor liner materials exposed for similar times in an actual 
gas turbine combustor under commercial operating conditions. 

INTRODUCTION 

Co”tin”o”s fiber-reinforced ceramic matrix 
composites (CFCCs) are being developed to replace several 
metal components in industrial stationary gas turbines. One 
such application that has received a significant amount of 
attention in the past few years is the uncooled CFCC combustor 
liner. The use of CFCC materials for this component can result 

in significantly decreased CO and NO, emissions even at 
increased combustor wall temperatures; i.e. -12OO’C or higher 
(van Roode et al., 1993). 

In May, 1991, Solar Turbines began field tests of its 
Centaur 50s natural gas engine fitted with first stage monolithic 
ceramic blades and CFCC combustor liners at Atlantic 
Richfield Company (ARCO) Western Energy, Bakersfield, CA 
(Price et al., 1998 and Stambler, 1997). This test was a major 
milestone for Solar’s Ceramic Stationary Gas Turbine (CSGT) 
Program under the sponsorship of the U.S. Department of 
Energy (DOE). It was also one of the first application-specific 
tests under DOE’s CFCC Program. 

Full acceptance of ceramic materials for this particular 
application, however, is still a daunting task. There is a lack of 
long-term exposure/testing data for many of the commercially- 
available and proprietary CFCC materials, especially in 
corrosive environments similar to those encountered in an 
actual 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 
engine tests to generate data is an exceptionally expensive 
undertaking. Prior knowledge of a CFCC’s stability is 
extremely important before placing that material in a field test. 
Burner rig studies have been conducted on different Sic 
materials (Robinson and Smialek. 1998, Etori et al., 1997), 
however, these tests are somewhat limited in that only a few 
samples can be exposed simultaneously and typical runs are 
only 100 h. Long term data is then extrapolated from the 100 h 
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Fi ure 3. Schematic of specimens cut from inner and outer 
combustor liners after ARC0 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 ARC0 liners (and thus assumed to 
have the same starting microstructure) were exposed in two 
successive 5CQ h runs to match the total time that the ARC0 
liners were engine tested. Sic Hexoloy SAN flexure bars and 
several different Si,N, 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 Harm, 
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 carrjer tube that holds tensile and flexure 
specimens for exposure m ORNL rig. 



RESULTS AND DISCUSSION 

Microstructural Analysis of ARC0 Liners 

Visual inspection of the ARC0 liners after 1000 hrs 
showed “wllite” xeas on the working surfaces ofboth the inner 
and wtcr liners. These white areas were initially observed on 
the exposed liner surfaces after -500 h during n visual 
borescope inspection. The localized white spots on the wtcr 
liners corresponded directly with the 12 injector impingement 
xeas on the inner surface of this liner. The white spots 
indicated a mngc of localized temperatures since the surfaces 
between and wound these white spots appeared rclntively 
unchanged. The exposed surface of the inner liner, in particular. 
exhibited severe damage over most of its surface. Figure 4 
shows the inner surface of the outer liner; note the localized 
white damaged regions that corresponded directly with the 
injector impingement arcas. 

Microstructural examination of the inner liner showed 
that significant surface recession occuned during the ARC0 
test. As shown in Figures 5(a) and 5(b), comparing sections of 
the inner liner from the top surface (CFCC exposed to the 
lowest temperature during the engine test) and from the center 
of the exposed surface of the inner liner (near maximum 
damage urea), respectively, recession of about 20% of the inner 
liner thickness was observed and another 25% of the CFCC 
exhibited microstructural dama&e (see arrows in Figure 5(b)). 
The damage assessment indicated that not only was the 
protective Sic seal coat (initially -60 pm thick) completely 
removed during engine testing, but the CFCC constituents 
themselves had reacted to form a low melting point glass at the 
liner surface. The oxidation of the Sic seal coat (and matrix) 
resulted in the rapid formation of surface silica; the silica then 
formed volatile reaction products in the water containing 
environment (Opila and Jacobsen. 1998, Robinson and 
Smialek, 1998) resulting in accelerated Sic recession. The 
projected CVD Sic recession after 1000 h under lean-bum 
conditions, estimated from burner rig studies performed at 
NASA Lewis. is -150 pm at 1200°C. 0.6 atm H,O, and ii gas 
velocity of 33 m/s (Robinson and Smialek, 1998). The 
maximum temperature during the ARC0 test could not be 
accurately measured since the thermocouples failed in the early 
stages of the field test. However, based on the intermittent 
visual inspections of the liners during the ARC0 test, the seal 
coat on the inner liner (and locally on the outer liner) was 
breached relatively early in the test indicating that the 
temperature was -12OO”C, and possibly as high as 1260°C at 
the hot spots on the inner liner. 

Typical microstructural damage observed at the outer 
surface of the inner liner is shown in Figure 6. Large “pools“ 
of glass were observed; the CG Nicalonrs’ fibers and associated 
matrix constituents reacted with the glass and entire fiber tows 
were consumed during glass formation (as shown in Figure 7). 
While most of the glass was primarily silica, small amounts of 

boron were found in these areas (additional matrix constituents 
were the source of the B), which caused a reduction in the glass 
melting point. Matrix constituents containing boron therefore 
contributed significantly to the glass f<xmation. Similarly 
damqed wrens were also identified well below the exposed 
surface of the inner liner (arrows in Figure 6) and were 
primarily associated with areas of large porosity (these 
composites typically were only about 85.90% dense), 
indicating significant oxidation in these areas also. Formation 
and subsequent recession of the glass product was the primary 
degradation mechanism of the outer surface of the inner liner. 
The process was accelerated by the damage formed below the 
surface. 

Fiwre 4. Portion of the inner surface of outer liner; note two 
opthe localized white damaged regions that corresponded 
directly with injector impingement nreas (arrows). 

Evaluation of the injector impingement areas on the 
inner surface of the outer liners showed similar microstructural 
damage as that observed on the inner liner, nlbeit to a much 
lesser extent; the Sic seal coat was completely removed in 
these localized areas, but only the top CG NicalonTM fiber ply 
was adversely affected, as shown in Figure 8. In the areas 
surrounding the injector impingement regions, the Sic seal coat 
was somewhat thinned (the thickness of the remaining seal coat 
depended primarily on the local temperature), but remained 
intact. The surfaces of pores below the liner surface were 
oxidized (this was most pronounced below the injector 
impingement areas) and in many instsnces, matrix and fiber 
damage around these pores was observed well into the bulk of 
the underlying CFCC. Clearly, on both the inner and outer liner 
working surfaces, the “white areas” indicated complete loss of 
the protective Sic seal coat. This will he used in future 
borescope inspections as an indication of the point at which the 
protective seal coat is breached. 



(a) Unexposed inner liner 

(b) Inner liner after ARC0 field test 
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photograph of the Enhanced SiClSiC 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. 

Figure 9. Surface of Enhanced Sic/Sic specimen after 500 h 
exposure in ORNL rig. Mat+1 was co-processed wtth CFCC 
liners in ARC0 test. Sueamen eeometrv contnbuted to Figure 8. T 
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Cross-sections of the as-processed Enhanced Sic/Sic 

Veritication of ORNL Steam Rig for Simulating Combustor composite before and after exposure in the ORNL rig for 500 h 

Environment Corrosion are shown in Figures IO(o) and 10(b), respectively. The Sic 
seal coat was fully oxidized across the specimen surface and 

Two types of Enhanced Sic/Sic samples were 
included in the initial run of the ORNL rig: tensile bars of 
material co-processed with the ARC0 liners which had a Sic 
seal coat thickness of -60 pm and a similar composite with a 
much thicker -3M) pm Sic seal coat. The second material 
provided additional data for the rig assessment; kinetic data for 
CVD Sic could be accumulated in addition to data for Sic 
(Hexoloy SW”) for comparison with existing burner rig dntn 
(Robinson and Smialek, 1998, Opila and Harm, 1997). The 
primary goal of the first two ORNL runs. however, was to 
verify that the ORNL rig could reproduce the microstructural 
degradation observed in the liners after the ARC0 test. 

Visual inspection of the Enhanced Sic/Sic tensile 
specimen after the first 500 h run showed that all the surfaces 
were covered with a white oxide product and glass bubbles. An 
important observation made after the first 500 h exposure was 
that extensive degradation occurred at cut or open surfaces of 
the specimens. These areas had to be carefully avoided during 
microstructural evaluation since these could lead to excessive 
amounts of material degradation that would not be 
representative of the extent of damage found in combustor 
liners (which have no open or cut ends). Figure 9 is a 

fiber tows below the surface showed areas of constituent 
reaction (arrows in Figure IO(b)). The damaged composite 
areas in the ORNI-exposed specimen were structurally similar 
to those observed for the same material after the ARC0 test (see 
Figure 6); localized areas of constituent reaction (glass 
formation) are noted in Figure IO(b). The same specimen was 
placed back in the ORNL rig for an additional 500 h, thus 
exposing the material for approximately the same amount of 
time achieved in the ARC0 test. After IWO h in the ORNL rig, 
the microstructural degradation was extensive. as shown in 
Figure 11. and was nearly identical to that observed for the 
sane material engine tested at ARCO. There was significant 
glass formation at the surface. 

The Enhanced Sic/Sic sample with B thick CVD Sic 
seal coat was used to determine the CVD Sic 
oxidation/recession rate in the ORNL rig. Figure 12 shows the 
oxidation of the Sic seal coat for three sequential 500 h 
exposures. It was determined from direct microstructural 
measurements that the SiC seal coat recessed by oxidation at a 
maximum linear rate of approximately 45pm/jOOh. Clearly, the 
oxidation/recession rate of the Sic was accelerated in the 
ORNI. rig compared to rates reported previously for CVD Sic 
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 surt&es during exposure in the ORNL 
rig was not removed by volatilization as it would be at higher 
gas flow velocities (Robinson and Sminlek. 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 
approxmately the same amount of exposure time as found in 
the ARC0 test. This is evident in the depth of the damage 
observed in the Enhanced SiC/SiC composite after exposure in 
the ORNL rig; the amount of material lost is not indicative of 
total damage because the environment penetrates into the 
composite and causes the same type of microstructural 
degradation below the surface. 

(a) As-processed 

(b) Exposed 500 h in ORNL rig Fi ure II. Microstructural de 
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Figure 12. CVD Sic seal coat oxidized for 500 and 1000 h. 
It was determined from direct microstructural measurements 
that the Sic seal coat recessed by oxidation at a linear rate of 
approximately 45vm/5COh. 

CONCLUSIONS 

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. 
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