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ABSTRACT 

_ _  ----  
Conceptual designs of advanced combustion systems that utilize coal as a feedstock require high- 

temperature furnaces and heat transfer surfaces that can operate at temperatures much higher than those 
prevalent in current coal-fired power plants. The combination of elevated temperatures and hostile 
combustion environments necessitates development and application of advanced ceramic materials in these 
designs. The objectives of the present program are to evaluate (a) the chemistry of gaseous and condensed 
products that arise during combustion of coal; (b) the corrosion behavior of candidate materials in air, slag, 
and salt environments for application in the combustion environments; and (c) the residual mechanical 
properties of the materials after corrosion. The program emphasizes temperatures in the range of 1OOO- 
1400°C for ceramic materials and 600-1O0O0C for metallic alloys. Coal/ash chemistries developed on the 
basis of thermodynamickinetic calculations, together with slags from actual combustors, are used in the 
program. The materials being evaluated include monolithic silicon carbide from several sources: silicon 
nitride, silicon carbide in alumina composites, silicon carbide fibers in a silicon carbide-matrix composite, and 
some advanced nickel-base alloys. The paper presents results from an ongoing program on corrosion 
performance of candidate ceramic materials exposed to air, salt, and slag environments and their fect on 
flexural strength and energy absorbed during fracture of these materials. 

m O D U C T I O N  

Coal is a complex and relatively dirty fuel that contains varying amounts of sulfur and a substantial 
fraction of noncombustible mineral constituents, commonly called ash. Conceptual designs of high- 
performance power systems (HIPPS) that utilize coal as a feedstock require high-temperature furnaces and heat 
transfer surfaces capable of operating at higher temperatures than those used in current coal-fired power plants. 
The combination of elevated temperatures and hostile combustion environments necessitates the use of 
ceramic materials at least in the first few passes of the heat exchangers in these designs. 

The HIPPS concept would employ a combined cycle that uses a gas turbine driven by a working 
fluid (air) that is separately heated in a high-temperature advanced furnace, in addition to conventional steam 
turbines.* The ultimate goal is to produce electricity from coal with an overall thermal efficiency of 47% or 
higher (compared with ~ 3 5 %  for current systems) and to reduce Co;! emissions by 25 to 30%. The 
pulverized-coal high-temperature advanced furnace (HITAF) in the HIPPS concept will heat air to an 
intermediate temperature of ~1000°C and bum supplemental clean fuel to boost the temperature of air to the 

*Work supported by the U.S. Department of Energy, Office of Fossil Energy, Advanced Research and 
Technology Development Materials Program, Work Breakdown Structure Element ANL-4, under Contract 
W-3 1-109-Eng-38. 



turbine inlet temperature of 2 I3OO"C. Use of supplemental fuel can be reduced as the HITAF technology 
evolves to permit air to be heated to higher temperatures in the furnace. HITAF represents a major departure 
from conventional pulverized-coal-fired boilers in which only steam is raised to a maximum of 53O-62O0C. 
The purpose of the HITAF is to heat the clean working fluid - air - to the required turbine inlet temperatures. 
At the elevated temperatures of the HITAF, transfer of heat from the combustion gases to the working fluid 
will be dominated by radiative heat transfer, and the design of the heat transfer surface will be critical for 
success of the system. Several concepts are under development for the design of the heat transfer surfaces in 
the HITAF system.* 

For any of the concepts to be viable for a commercial-scale HIPPS, the heat transfer surfaces will be 
exposed to much higher temperatures than are prevalent in conventional coal-fired steam-turbine systems, For 
temperatures of 1000-130O0C, conventional metallic materials do not possess adequate strength properties 
andor corrosion resistance for long-term service. In addition, an important difference &tween the 
conventional boiler system and the HIPPS is seen in the chemical and physical characteristics of the ash 
layers that can deposit on the heat transfer surfaces. These deposits are likely to be dominated by alkali 
sulfates and coal slags in HIPPS, rather than by pyrosulfates or alkali-iron-trisulfates (which are prevalent in 
conventional pulverized coal-fired boilers), and by the increased mobility of corrosion-accelerating agents in 
the deposit layers due to the much higher temperature of the heat transfer surfaces in HIPPS. A major 
challenge is to develop methods to combat severe deposition, erosion, and corrosion (DEC) of heat transfer 
surfaces exposed to higher-than-normal temperatures. These methods could include fuel selection, cleaning of 
aggressive contaminants from coal, fine grinding of coal, use of additives, and selection of advanced corrosion- 
resistant ceramic materials, coatings, and advanced alloys for vulnerable heat transfer sections. 

_ _  - _ - -  

The objectives of the present program are to evaluate (a) the chemistry of gaseous and condensed 
products that arise in combustion of coal and (b) candidate materials for application in the combustion 
environments. Chemistry calculations determine the types and amounts of combustion products over the 
wide temperature range of 700-1700°C and at 1 atm pressure. The experimental program on heat exchanger 
materials will develop mechanistic information on the roles of material composition, ash constituents, 
combustion deposits, chlorine, alkali sulfates, and sulfur sorbents in the corrosion process. The program 
emphasizes corrosion evaluation of materials in air, salt, and coallash environments at temperatures between 
lo00 and 14OO0C, as well as measurement of residual fracture properties of the materials after corrosion. 
CoaVash chemistries synthesized on the basis of thermodynamiclkinetic calculations, together with slags 
from actual combustors, are used in the program. 

Thermodynamic calculations were used to evaluate the chemistries of gaseous and condensed phases 
Based on the results of these calculations, the general behavior of that occur during combustion of 

the solution phase under oxidizing conditions can be described as follows. A liquid solution phase, consisting 
mostly of silicates of aluminum, calcium, sodium, magnesium, and iron, is present at 1730°C. The mole 
fraction of Na2S04 phase in the liquid is ~0.01 above 1280°C. Na2S04 concentration rises rapidly as the 
temperature decreases and becomes a major component of the solution at 980°C. The mole fraction of 
Na2S04 may increase to 0.9 or more at 980°C. These compositional changes can have implications for the 



corrosive behavior of the liquid condensates. In the temperature range of interest in HIPPS, the predominant 
deposits are either mullite or Ca-rich aluminosilicates. The silicate liquid may be even more corrosive and 
have worse fouling tendencies than sulfates because of (a) high-temperature conditions, (b) adhesive behavior 
of the silicates, and (c) solubility of ceramic materials, which are probably higher in silicate melts than in 
sulfate melts. 

EXPERIMENTAL, PROCEDURE 

Laboratory Experiments. The materials selected for the laboratory experimental program include 
advanced metallic alloys, monolithic ceramic materials, and ceramic-matrix ceramic composites; they are 
listed in Table 1, together with their manufacturers. Hexoloy SA is a sintered form of alpha silicon carbide 
with >98% of theoretical density. It has a very fine grain structure (8 pm) for excellent wear resistance, 
contains no free-silicon7and has been reported to be chemically resistant in both oxidizing and reducing 
environments. S i c  (p) in AI203 material was fabricated by Du Pont-Lanxide by a direct metal oxidation 
process and has an AI203 matrix containing dispersed Sic particulates. The material also exhibited some free 
A1 in the matrix. Siliconized SIC material (identified as NT 230) made by Norton/TRW. Sic  Fiber/SiC 
Matrix material is made by Du Pont with a chemical vapor infiltration process. It is recommended for service 
requiring high strength, high-temperature properties, and light weight. The material exhibits creep 
deformation at temperatures >1200"C, contrary to the behavior of Hexoloy SA and NT 230, in which creep 
was virtually absent. The material consisting of Sic  in an Si matrix is made by INEX, Inc., and has been 
used in tubes for natural-gas-fired heat exchangers. The material containing Sic  fibers in Si carbide was also 
fabricated by Oak Ridge National Laboratory. 

Coupon specimens meqsuring 2 cm x 2 em x 2-3 mm were prepared from several of the above-listed 
materials for salt- and slag-exposure experiments. Dimensions and initial weights of the specimens were 
measured prior to exposure. Salt tests were conducted at 1000 and 1200°C for 168 h in the presence of 
Na2S04 or a mixture of Na2SO4 and NaCl. Tests in the presence of three different slags were conducted at 
1200°C for a test time of 200 h. Table 2 lists the compositions of slags and the coals that were combusted to 
obtain these slags. Analysis shows that the slag obtained from Illinois #6 coal was richer in Fe2O3 and 
leaner in CaO and MgO, while the reverse is seen for slag from the Rochelle coal. Slags #43 and XX typify 
the slags derived from coals in the eastern U.S. while slag #47 is typical of that from western coals. 

Table 1. Ceramic materials selected for corrosion tests 

Material Manufacturer 
Hexoloy SA Carbonindurn 
Sic (p) in alumina 
Siliconized Sic  (NT 230) NortonfTRW 
Silicon nitride (NT 154) NortonAXW 
Sic in Si matrix 
Sic  fibers in Sic matrix 
Sic  fibers in Sic  matrix 

Du PontLanxide 

INEX, Inc. 
Du Pont 
ORNL 



Table 2. Compositions of slags for laboratory study 

Slag 43f Slag 471 Slag X X /  
Compound Illinois #6 Rochelle Illinois #6 

Si02 52.9 47.1 . 53.3 
A1203 16.6 18.8 18.6 
Fe203 12.9 5.2 17.6 
CaO 13.0 19.6 7.2 
MgO 1.3 5.8 1 .o 
Na20 0.8 0.9 0 
K20 1.6 0.3 1.7 

~ s o 3  0. 1 0.3 0 

In addition, the effect of air oxidation, salt exposure, and exposures to slag from Illinois #6 and - -  - 
Rochelle coals on-the flexural strength of four of the candidate materials were evaluated by preexposure to the 
specific environment and postexposure four-point testing of the specimens in vacuum. For these specimens, 
the temperature was maintained at 1200°C for both the preexposure and mechanical test. The flexural test 
involved bending a specimen of rectangular cross section until fracture. The specimen dimensions were 1.0 x 
0.188 x 0.064 and the saldslag exposed surface was maintained under tension during the test. The data on the 
load that caused fracture and the area under the loaddisplacement curves were used to calculate the flexural 
strength of the material and the energy absorbed to complete the fracture. 

Combustor Experiments. High-temperature materials were tested by exposing samples of several 
ceramic materials in the CERF at the Pittsburgh Energy Technology Cen te~ .~  The CERF is a state-of-the- 
art, 0.5 million Btu/h pilot-scale combustion facility designed to achieve similarity with full-scale utility and 
industrial boilers. It is designed to closely duplicate typical full-scale specifications for solid fuel fineness or 
liquid fuel atomization quality, burner relative mass flow (fuel and air) and velocities, furnace temperature 
distributions, radiant furnace residence time, and convective section gas velocity. Material exposures in 
CERF are being conducted in a piggyback mode, whereby normal CERF testing would proceed in terms of 
evaluating combustion of various coals and coal blends. With this approach, comparative assessments of 
many materials at different locations could be made economically before pursuing dedicated-materials CERF 
tests that would require continuous operation of the facility for lo00 h or more. To minimize thermal 
stresses during exposure, samples were placed in the CERF prior to the start of each test and removed after the 
CERF was cooled to room temperature. Coupon samples of several of the ceramic materials were mounted 
on a water-cooled, high-temperature materials testing probe that uses welded clips and pins to hold the 
samples. Ceramic specimens were exposed during several 100-h runs in which Pittsburgh coal and a blend of 
Alaskakussian coal were burned. The compositions of the coals used in CERI: runs were similar to those 
that generated slags for the laboratory test pr~gram.~ 

EXPERIMENTAL RESULTS 

Oxidation in Air 

Oxidation of ceramic materials such as monolithic and composite Sic, Si3N4, and Sic-dispersed 
A1203 involves reaction of carbide and nitride phases to Si-rich oxides. Oxidation rate is generally influenced 



by porosity of the material and exposure temperature. Figure 1 shows the weight changes for several of the 
materials exposed to air at 1200°C. It is evident that most of the Sic and Si3N4 materials oxidize at a low 
rate at 1200°C. The two exceptions are SiC(p) in A1203 and SiC(O/SiC made by ORNL. In the former, the 
increase in weight in the early stage of exposure is due to oxidation of free A1 in the surface region of the 
sample. After 5100 h exposure, the oxidation rate slows but is still higher than that of other materials, 
indicating oxidation of free A1 in the interior of the material, but dictated by the diffusion of oxygen. The 
increased rate of oxidation for the latter material can be attributed only to lack of formation of glass phase at 
the grain boundaries, in contrast with the Du Pont made material which has additives that lead to glassy phase 
formation. Oxidation can occur via either the passive mode in which a solid Si02 phase forms and can offer 
protection against further oxidation, or via active oxidation in which the Si0 phase forms and can volatilize, 
resulting in accelerated oxidation of the material. Figure 2 shows the regions of active and passive oxidation 
as functions of temperature and ~ 0 - 2 . ~  Experiments conducted with these materials at temperatures of 1OOO- 
140O0C in a dry air environment showed that the materials undergo passive oxidation. 

0 200 400 600 800 1000 1200 1400 
Exposure time (h) 

Fig. 1. Oxidation behavior of several ceramic materials in dry air at 120OOC 
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Fig. 2. Regions of active and passive oxidation of Sic  in dry air 



Exposure to Salt Environment 

Salt-induced degradation of these materials involves reactions between the ceramic materials and 
alkali sulfates such as Na2S04 and K2SO4 and alkali chlorides such as NaCl and KC1. In the combustion 
gas environment, the concentrations of oxygen and of sulfur as SO2 and SO3 determine the sodium oxide 
activity via the reaction Na2S04 = Na2O + SO3. Subsequently, the silica phase that forms on the ceramic 
materials can react with Na2O to form compounds such as Na20eXSi02, where X can be 0.5, 1,2, or 4. 
This mode of degradation of ceramic materials requires that Na20 activity be sufficiently high and is usually 
possible in gas turbine systems where slag constituents are virtually absent. In such instances, the liquid 
phase can dissolve the protective Si02 scale and also result in penetration of the liquid reaction products into 
the substrate ceramic material, thereby mechanically weakening the material. To examine the effect of salt 
deposit, specimens _- were _exposed for 168 h at 1200°C to a gas stream of 1 vol.%S@-air was passed over 
Na2S04 salt maintained at temperatures between 700 and 1400°C. The materials selected for these tests were 
Hexoloy SA, SiC(p)/A1203, NT 230, and NT 154. Figure 3 shows the specimen weight change after 168 h 
at different salt temperatures. Na2S04 has a melting temperature of 884'C, and the samples exposed to solid 
salt at 700-900°C did not exhibit significant corrosion. The weight increase of the SiC@)/A1203 is primarily 
due to oxidation of free A1 in the material. Even at a salt temperature of 1OOO"C, the vapor pressure of 
Na2SO4 is low enough to prevent significant corrosion of the exposed materials. At salt temperatures of 
1200°C and higher, corrosion of the Sic-based materials was evident, while the SiC@)/Al203 was resistant 
to salt-induced corrosion. In the absence of Ai203 the monolithic and composite S ic  and Si3N4 materials 
oxidize to form Si-, which reacts with Na2S04 to form compounds of compositions Na2O-XSi@ and 
melting temperatures of 875-1 110:Cc; these compounds lead to enhanced corrosion. The presence of A1203 in 
the Du Ponaanxide material leads to formation of mullite (Na2O.Al203-2SiO2) with a melting temperature 
of 1526OC resulting in low corrosion, if any, at temperatures of 1200 and 1400'C in the present 
investigation. In coal-fired combustion systems, the presence of slag constituents determine the 
thermodynamic activity of various deposit constituents, and alkali-sulfate-induced corrosion is generally not 
dominant. 
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Fig. 3. Effect of sodium sulfate salt condensate on corrosion behavior of several ceramic materials at 
1200°C 



Corrosion in Slag Environments 

In laboratory slag tests, the materials behaved differently than in salt tests. The specimen showed 
significant surface cracking but the slag itself did not seem to penetrate the sample, as evidenced by enera- 
dispersive X-ray (EDX) analysis of specimen cross sections. Because Na20 activity in the slag is relatively 
low, the deposit did not melt, but significant bubbling of the slag was noted, probably due to formation of 
Si0 vapor in a reducing condition established locally by entrapped carbon in slag. All three slags exhibited 
similar appearance after testing and also all three specimens exposed to different slags appeared similar, 
indicating that coal slag chemistry has little influence in these short exposures. In the CERF exposure 
conducted with Pittsburgh coal, the specimen exhibited a thin layer of deposit after =lo0 h of testing. X-ray 
diffraction analysis of the deposit indicated predominantly mullite (3A1203*2Si02), with some ordered albite 
[(Na,Ca)Al(Si,Al)308] and traces of hematite. No significant degradation of the sample was observed in 
scanning electron microscopy (SEM) and EDX analysis. In the CERF exposure conducted with 
Alaskan/Russian coal, the dominant phases were anorthite (CaO.A1203*2Si@), calcium aluminum silicate 
(CaO*A1203*Si02), and ordered sodium anorthite (Ca,Na) (Al,Si)2 Si208. These Ca-rich silicates also have 
melting temperatures >1400"C, and reactions between the coal ash deposit and the ceramics occur 
predominantly in the solid state. The experimental results also indicate that NazO activities in the deposits 
(with combustion of coals containing Fez03 and CaO) are sufficiently low to form liquid sodium silicates of 
various types in coal-fired systems. This may qualitatively indicate that the material may be susceptible to 
cracking at elevated temperatures by particle impingement. 

_- - - .  

Baseline Mechanical Properties 

Four-point bend tests were conducted on Hexoloy SA, NT 230, Sic in Si matrix, and SiC(f) in Sic  
matrix materials at 1000, 1200, and 1400°C. The load to cause fracture measured in the test is used to 
calculate the flexural strength for the materials using the expression 

where 0 is flexural strength in MPa, L1 and L2 are distance between support points and load points, 
respectively, P is load, and t and w are thickness and width of the specimen, respectively. The test technique 
produces a nonuniform stress distribution with the maximum tensiIe stress in the outer skin of the specimen. 
Figure 4 shows the flexural strength of the materials as a function of temperature. The results show that 
Hexoloy SA maintains fairly high strength (in the range of 350-400 MPa) at up to 1400°C. FlexuraI 
strength of NT 230 is somewhat higher than that of Hexoloy SA up to 1200°C and seems to drop to =300 
MPa at 1400°C and ~ 1 8 0  MPa at 1450OC. The material Sic in Si matrix had a relatively lower strength of 
100-120 MF'a up to 1200°C and dropped to 270 m a  at 1300°C. The material SiC(f) in Sic matrix exhibited 
strength values comparable to those of Hexoloy SA at temperatures up to 1200°C but the values dropped at 
temperatures above 1200°C and comparable to those observed for NT 230. The load-displacement curves from 
these baseline tests were also used to calculate the area under the curves, which is indicative of the absorbed 
energy during fracture. The absorbed energy values can differntiate between the monolithic and composite 



Fig. 4. Flexural strength'data as a function of temperature for Hexoloy SA (top left), NT 230 (top 
right), Sic  in Si matrix (bottom left), and SiC(f) in Sic  matrix (bottom right) at 1200°C 

materials because monolithic matedals (such as Hexoloy SA) rarely exhibit creep prior to fracture while 
composites, such as SiC(f)/SiC, generdly exhibit significant creep deformation prior to fracture. The fracture 
energy values for the materials will be presented in the next section, along with data obtained for the materials 
after exposure to corrosive environments. 

Effect of Corrosion on Mechanical Properties 

To examine the role of exposure environment several specimens of the four cennic materials such as 
Hexoloy SA, NT 230, Sic  in Si matrix, and SiC(f) in Sic matrix were preexposed for 200 h at 1200°C to 
dry air,.Na2S04 salt, 75wt.% Na2S04-25 wt.% NaCl mixture, and three different coal slags, identified as 43, 
47, and M. After exposure, the specimens were mechanical tested in vauum at 1200°C. In these tests, the 
specimen surfaces exposed to the salt and slag environments were on the support side of the fixture, ensuring 
a tensile mode of loading for the surfaces exposed to corrosive environments. 

Figure 5 shows the flexural strength for the four materials under baseline condition and after 
exposure to different environments. It is evident that exposures of 200 h in different environments had very 
little influence on the strength of Hexoloy SA material. Analysis of fracture surfaces of exposed specimens 
showed formation of thin layers of silica in air exposure, and virtually no salt or slag penetration of the 
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Fig. 6. Effect of exposure 200 h exposure at 1200°C on absorbed energy per unit area for Hexoloy 
SA (top left), NT 230 (top right), SIC in Si matrix (bottom left), and SiC(f) in Sic  matrix (bottom right) 

120O0C, for the as-received material cannot be explained at present. The lower values for the salt-exposed 
specimens may indicate some intergranular prenetration of salt, which was not obvious from SEM analysis of 
specimen cross sections. Absorbed energy values for the as-received, air-exposed, and slag-exposed specimens 
of NT 230 were comparable, indicating that these environments are benign from the corrosion standpoint after 
200 h of exposure at 1200OC. The slat-exposed specimens showed lower absorbed energy values similar to 
those of Hexoloy SA. Specimens of Sic  in Si matrix had inherently a low value for energy to fracture and 
were not significantly affected after exposure in air and slag environments. The presence of sulfate salt seems 
to lower the fracture energy. The composite material SiC(f) in Sic matrix had the highest value (0.25-0.40 
J/cm2) for fracture energy among the four materials testsed. The results also indicate that the salt 
environments have degrading effects on'the strength properties of these materials but the presence of slag 



(simulating either Eastern or Western U.S. coals) had a minimal effect at 1200°C in 200 h exposures. 

SUMMARY 

Several ceramic materials have been examined to evaluate performance after exxposure to dry air, salt 
environments that contained Na2SO4 or 75 wt.% Na2S04-25 wt.% NaCl mixture, and to three different coal 
slags that simulate slags obtained fro combustion of coals from Eastern and Western US. The results 
showed that the materials exposed to an air environment undergo passive oxidation of S ic  to Si@. 
Exposure of these materials to salt environments can lead to catastrophic corrosion, especially if the 
condensed salt is high in sodium activity, which can lead to low-melting corrosion products. On the other 
hand, exposure of the materials to slags obtained from typical coal ash had very little effect on the corrosion 
performance of the materials, especially at 1200°C under which the reactions do not involve formation of 
liquid corrosion products. Four-point bend tests conducted on several of the materials after exposure to dry 
air, salt, and slag environments indicated that sodium salts (both sulfates and chlorides) have the most 
degrading effect on properties, while exposure to air and slag environments had minimal effect on properties at 
1200°C. 
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