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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 requires the development and application of advanced ceramic materials in these 
designs. The objectives of the present program are to evaluate the corrosion behavior of candidate ceramic 
and metallic materials in air and slag environments and evaluate the residual mechanical properties of the 
materials after corrosion. The program emphasizes temperatures in the range of 1000-1400°C for ceramic 
materials and 600- 1000°C for metallic alloys. Coallash chemistries based on thermodynamickinetic 
calculations and slags from actual combustors are used in the program. The materials being evaluated 
include monolithic silicon carbide from several sources, silicon carbide in a silicon matrix, silicon carbide in 
alumina composites, silicon carbide fibers in a silicon carbide-matrix composite, and some advanced nickel- 
base alloys. This paper presents results from an ongoing study of the corrosion performance of candidate 
ceramic materials exposed to dry air, air with water vapor, and slag environments and the effects of these 
environments on the flexural strength and energy absorbed during fracture of these materials. 

INTRODUCTION 

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 conventional coal- 
fired power plants. The combination of elevated temperatures and hostile combustion environments requires 
the use of ceramic materials in at least the first few passes of the heat exchangers in these designs. 

In addition to conventional steam turbines, HIPPS 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.' The 
ultimate goal is to produce electricity from coal with an overall thermal efficiency of 47% or greater 
(compared with ~ 3 5 %  for current systems) and to reduce CO2 emissions by 25-30%. 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 a turbine inlet temperature of 
21300°C. Use of supplemental fuel can be reduced as the HITAF technology evolves to permit the heating of 
air to higher temperatures in the furnace. The HITAF represents a major departure from conventional 
pulverized-coal-fired boilers in which only steam is raised to a maximum of 530-620OC. 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 the 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 must 1 

be exposed to much higher temperatures than are prevalent in conventional coal-fired steam-turbine systems. 
For temperatures of 1000- 1300°C, conventional metallic materials do not possess adequate strength 
properties and/or corrosion resistance for long-term service. In addition, an important difference between 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. The 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 increased mobility of corrosion-accelerating agents in the 
deposit layers due to the much higher temperature of the heat transfer surfaces in the HIPPS. It is major 
challenge to develop methods to combat severe deposition, erosion, and corrosion of heat transfer surfaces 
that are 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. 

In earlier studies, several ceramic materials were examined to evaluate their performance after 
exposure to dry air, salt environments that contained Na2S04 or a 75 wt.% Na2S04-25 wt.% NaCl mixture, 
and three coal slags that simulated slags obtained from combustion of coals from eastern and western U.S.3- 

The results showed that the materials exposed to an air environment undergo passive oxidation of S ic  to 
Si02. Exposure of these materials to salt environments led to catastrophic corrosion, especially if the 
sodium activity of the condensed salt was high, by enabling formation of low-melting corrosion products. 
The mode of degradation of SiC-based materials involves reactions between the ceramic materials and alkali 
sulfates such as Na2.904 and K2SO4, and alkali chlorides such as NaCl and KCI. In the combustion gas 
environment, the concentrations of oxygen and of sulfur as SO2 and SO3 determine the sodium oxide 
activity via the reaction NazS04 = Na20 + SOg. Subsequently, the silica phase that forms on the ceramic 
materials reacts with Na2O to form compounds such as NaZO-XSiOZ, where X can be 0.5, 1 ,  2, or 4. 
These sodium silicates exhibit melting temperatures of 875-1 110°C. This mode of degradation of ceramic 
materials requires sufficiently high NazO activity 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 cause the liquid reaction products to penetrate into the substrate ceramic material and thereby 
mechanically weaken the material. 

In coal-fired combustion systems, the presence of slag constituents determines the thermodynamic 
activity of various deposit constituents, and alkali-sulfate-induced corrosion is generally not dominant. The 
mode of degradation of ceramic materials in coal-fired combustion systems is via reactions with coal ash. 
This type of degradation depends on material composition, slag chemistry (acidic or basic), and gas-phase 
environment (either oxidizing or reducing). The slags generally contain phases such as Si02, Al2O3, CaO, 
Fe2O3, Na20, a combination of these phases, and other ash constituents, depending on the coal feedstock. 
X-ray diffraction (XRD) data for deposits, that were obtained during a Combustion and Environmental 
Research Facility (CERF) run with combustion of Pittsburgh coal showed the dominant phases to be 
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mullite (3A1203*2Si02), ordered calcian albite ([Na,Ca] A1 [Si,A1]308), and hematite (Fe2O3). The 
melting temperatures of these phases are > 1400°C; reactions between these compounds and the ceramic 
materials occur primarily i 
coal combustion environment occurs. 

e solid state, and li or no penetration 

Similarly, XRD data for the deposits, obtained during a CERF run with combustion of 
Alaskaflussian blend coal, showed the dominant phases to be anorthite (CaO*AI203*2SiO2), calcium 
aluminum silicate (CaO-AI203-Si02), and ordered sodium anorthite (Ca,Na) (AI,Si)2 Si208. These 
calcium-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 Na20 
activity in the deposits (with combustion of coals that contain Fe2O3 and CaO) is sufficiently low to form 
liquid sodium silicates of various types in coal-fired systems. 

On the other hand, exposure of the materials to slags obtained from typical coal ashes had very little 
effect on the corrosion performance of the materials, especially at 12OO0C, where 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 greatest degrading effect on corrosion properties of the materials, whereas exposures to air and slag 
environments had minimal effect on the properties at 1200°C. 

The objectives of the work presented here were to (a) evaluate the influence of water vapor in the 
environment on the oxidation behavior of Sic-based materials, (2) assess the effect(s) of simultaneous 
presence of coal slag and combustion gas (with water vapor) on the corrosion behavior of materials, and (c) 
determine the residual mechanical properties of the materials after exposure to the above-mentioned 
environments. 

EXPERIMENTAL, PROCEDURE 

Materials 
_ _  

The materials selected for the laboratory experimental program include monolithic ceramic materials 
and ceramic-matrix ceramic composites. 

Sintered alpha S ic  is a fully densified (>98% of theoretical density) ceramic material produced by 
sintering. It is a single-phase material that has a very fine grain structure (8 pm) for excellent wear 
resistance, contains no free silicon, and has been reported to be chemically resistant in both oxidizing and 
reducing environments. The density of this material is =3.1 g/cm3. 

S ic  in a silicon matrix is a material that consists of silicon carbide in a silicon matrix. The silicon 
metal phase provides good fracture toughness and resistance to thermal shock, oxidation, and creep without 
the extreme brittleness of many ceramic materials. The material exhibits a density of 2.8 g/cm3, 0% 
porosity, and contains 247% silicon. 



Siliconized S ic  consists of 90 vol.% Sic, 8 vol.%Si metal, and 2 vel.% pores. The material has a 
density of 3.1 g/cm3. 

The SiC(f)/SiC matrix contains 4 0  vol.% S ic  fibers (criss crossed in two dimension S ic  
matrix with a 10 vol% porosity. The density of the material is 2.5 g/cm3 and i t  exhibits excellent 
compressive and interlamellar shear strength, high stiffness, and good oxidation resistance. 

SiC(p) in A1203 is a composite material that contains Sic  particulates in an alumina matrix. The 
material contains some free aluminum in the matrix becausee the material is made by direct metal oxidation. 
The material combines the thermal properties of S ic  and corrosion resistance of alumina. Particulate loading 
is in the range of 50-55 vol.%; particle diameter is 5-20 pm. The material contains 4 0  vol.% alumina, =lo 
vol.% Al, and 1 ~01.96 of ores. 

Oxidation and Corrosion Tests 

Coupon specimen 25.4 x 4.76 x 1.6 mm were prepared from several of the above-listed materials for 
oxidation experiments at 1O00, 1200, and 1400°C in dry air. In addition, experiments were performed at 
1200°C in air that contained water vapor. Dimensions and initial weights of the specimens were measured 
prior to exposure. Before the oxidation treatment, all but the SiC(f)/SiC specimens were ground on 1200-grit 
S i c  paper and cleaned with alcohol. The specimens were placed in an alumina holder that was suspended into 
an alumina chamber inside a resistance-wound furnace. The heating was conducted at a rate of 5"C/min in the 
exposure environment. Water vapor was introduced into the air stream by passing the air through a heated 
water bath. In this study, the air was saturated with water at 46 and 69"C, which resulted in 10 and 30 ~01.9% 
water vapor in the air, respectively. Each experimental series consisted of five cycles of 100 h each. An 
electrobalance with a sensitivity of 0.1 mg was used after each cycle to determine weight change of the 
specimens that was due to oxidation. 

Exposures in the presence of three slags were conducted at 1200°C for 200 h. Table 1 lists the 
compositions of the slags and the coals that were combusted to obtain these slags. Analysis shows that the 
sIag obtained from Illinois #6 coal was richer in Fe2O3 and leaner in CaO and MgO, whereas the reverse was 
seen for slag from Rochelle coal. Slags #43 and XX typify the slags derived from coals in the eastern U.S., 
whereas the slag #47 is typical of that derived from western coals. Slag exposure tests were conducted in a 
flowing gas mixture of air-1 vol.% SO2 with and without 10 vol.% water vapor. 

Table 1. Compositions of slags for laboratory study 

Slag 43/ Slag 47/ 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 

. Na2O 0.8 0.9 0 

so3 0.1 0.3 0 
K20 1.6 0.3 1.7 



Mechanical Tests 

The effect of air oxidation, water vapor additions, and exposures to slag from Illinois #6 and 
Rochelle coals on the flexural strength of four candidate materials was evaluated by preexposure to the specific 
environment and postexposure four-point bend testing of the specimens in vacuum. For these evaluations, 
the temperature was maintained at 1200°C during both the preexposure and the mechanical testing. The 
flexural test involved bending a specimen of rectangular cross section until fracture. The specimen 
dimensions were 25.4 x 4.76 x 1.6 mm and the slag-exposed surface was maintained under tension during the 
test. The data on the load that was necessary to cause fracture and the area under'the load-displacement curves 
were used to calculate the flexural strength of the material and the energy absorbed during the fracture. 

Microstructural analysis 

Upon completion of the oxidation experiments, slag exposures, and mechanical testing, fracture 
surfaces and polished cross sections of several of the specimens were analyzed by scanning electron 
microscopy (SEM), energy dispersive X-ray (FiDX) analysis, and XRD. 

EXPERIMENTAL RESULTS 

Oxidation in Dry and Wet Air 

Oxidation of ceramic materials, such as monolithic and composite S ic  and Sic-dispersed Al2O3, 
involves reaction of carbide phases to silicon-rich oxides. The rate of oxidation is generally influenced by the 
porosity of the material, the amount of free silicon andor aluminum in the material, 'and exposure 
temperature. Earlier work showed a low rate of oxidation for these materials when exposed in dry air at 
1200°C.4*5 One exception was SiC(p) in A1203 material, which exhibited a large increase in weight gain in 
the early stage of exposure, due to oxidation of free aluminum in the surface region of the sample. After 
=lo0 h of exposure, the oxidation rate slowed but was still higher than in other materials, indicating 
oxidation of free aluminum in the interior of the material, dictated by the diffusion of oxygen. The results 
also established that these ceramic materials undergo passive oxidation at temperatures in the range of 1000- 
1400°C in a dry-ai 

Figure 1 shows weight-change-versus-time data for specimens of several ceramic materials exposed 
to air with 0, 10, and 30 vol.% water vapor at 1200°C. It is generally accepted that during oxidation of 
silicon-based materials, the mobile species is oxygen and not silicon. Several reactions are possible for the 
oxidation of S i c  to Si02: 

S i c  + 312 0 2  = Si02 + CO 

S i c  + 02 = SiO(g) + CO 

S i c  + 0 2  = Si02 + C 

S ic  + 2 0 2  = Si02 + C02 

S ic  + 2 H20 = Si02 + C + 2 H2 
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Figure 1. Influence of water vapor on the oxidation performance of several Sic-containing materials 

All of the listed reactions are thermodynamically favored, but the kinetics of these reactions are dictated 
primarily by temperature. Uncertainties, however, exist as to whether molecular oxygen diffuses through 
silica scale or if oxygen ion diffusion is the rate determining step. At 120OOC in an air environment with and 
without water vapor, reaction 2 was not observed because the vapor pressure of S i 0  is negligible. 
Furthermore, the kinetics of carbide &or C02 
through the silica scale, because the new oxide generally grows on the SiC/SiO2 side of the interface. The 
kinetics of reaction 3 are dictated by the oxygen transport through silica scale and lead to carbon deposition. 
None of the ceramic materials examined in the present work showed a significant influence of water vapor 
partial pressure on the oxidation rate at 1200°C. The oxidation rates of alpha Sic  (with no free silicon and 
=O% porosity) and siliconized S i c  (with 8% free silicon and 2% porosity) in air with and without water vapor 
are similar. Sic in a silicon matrix (47% free silicon and no porosity) showed a slight increase in absolute 
weight gain but the oxidation rate was similar in dry air and in air with water vapor. Only the fiber-reinforced 
S ic  materia1 (with 10% porosity) showed a slight increase in oxidation rate when air contained 10 vel.% 
water vapor. The increase in water vapor content up to 30 vol.% did not further enhance the oxidation rate at 
1200°C. Extensive microstructural analysis of oxidized specimens showed a continuous silica scale on all of 
the specimens and the thickness of oxide scale was similar for specimens exposed in dry air and in air that 
contained 10 and 30 vol.% water vapor (see Fig. 2, typical of monolithic materials). Only the fiber-reinforced 
Sic material became thicker with an increase in water vapor content (see Fig. 3). 
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Figure 2. Scanning electron photomicrographs of cross sections of' siliconized Sic material after 500-h 
exposure at 1200°C in dry air and in  air that contained 10 and 30 vel.% water vapor 

air + 10% H20 

1. 
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fabricated condition and aficr 500-h ~ ~ ~ i o w r c  ai I2oO (' i i i  dry air ;ind i i i  ;iir ili;iI coniaincd 10 and 30 ~01.7% 
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Exposure in Slag Environments 

In laboratory slag tests. specimens showed significant surface cracking but the slag itself did not 
seem to penetrate the specimens. as indicated by EDX analysis of specimen cross sections. Because Na20 
activity in the slag is relatively I O U .  the deposit did not melt, but significant bubbling of the slag, probably 
due to evolution of CO and CO2, was noted. All three slags exhibited a similar appearance after the test and 
all three specimens exposed to differing slags also appeared similar, indicating that coal slag chemistry has 
little influence during these short (200-h) exposures. During 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]AI[Si,Al]3Og) 
and traces of hematite. No significant degradation of the sample was observed by SEM and EDX analysis. 
During the CERF exposure conducted with Alaskan/Russian coal, the dominant phases were anorthite 
(CaO*A1203.2Si02), calcium aluminum silicate (CaO.A1203*Si02), and ordered sodium anorthite (Ca,Na) 
(Al,Si)2 Si2O8. The melting temperatures of these calcium-rich silicates are also >14OO0C, and reactions 
between the coal ash deposit and the ceramics occur predominantly in the solid state. The experimental 
results also indicate that Na20 activities in the deposits (with combustion of coals that contain Fez03 and 
CaO) are sufficiently low to form liquid sodium silicates of various types in coal-fired systems. 

Tests were also conducted at 12OOOC to evaluate the combined effect of slag and simulated 
combustion gas with water vapor on corrosion of the materials. Analysis of cross sections of exposed 
specimens showed similar scale morphologies; the oxide layer thickness was slightly greater for the specimen 
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Figure 4. Scanning electron photomicrographs of cross sections of Sic  in Si matrix material after 200-h 
exposure at 1200°C in environments of air with IO?% water vapor and slag 43 with and without 10% water 
vapor 
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exposed in a combined environment of slag and I O  vol.% water vapor than those obtained in either of them 
alone (see Fig. 4 for a specimen of S ic  in a silicon matrix). At present, data are not adequate to quantify the 
relative effects of water vapor and slag on the scaling kinetics of these materials. 

Four-Point Bend Test Data 

Four-point bend tests were conducted on all of the materials at 1000, 1200, and 1400OC. The load 
that was necessary to cause fracture in the test was used in the following expression to calculate the flexural 
strength of the materials: 

where 6 is flexural strength in MPa; L1 and L2 are distances between support points and load points, 
respectively; P is load; and t and w are thickness and width of the specimen, respectively. Data obtained on 
the flexural strength of the materials and energy absorbed by the materials during fracture were reported 
earlierPa5 

To examine the role of exposure environment on mechanical properties, several specimens of the 
ceramic materials were preexposed for 200 h at 1200°C to dry air with and without water vapor, to three coal 
slags, identified as 43, 47, and XX, and to simulated combustion gas with and without water vapor. After 
exposure, the specimens were mechanically tested in vacuum at 1200°C. During these tests, the specimen 
surfaces exposed to the 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 of the four materials in as-received condition and after exposure 
to dry air with and without water vapor. It is evident that exposures of 500 h in differing environments had 
little influence on the strength of all but the fiber-reinforced composite material. Analysis of fracture surfaces 
of exposed specimens showed formation of thin layers of silica during exposure to air. Figure 6 shows the 
flexural strength of the four materials after 200 h of exposure to three slags with and without water vapor. 
The results show that the strength of the alpha S i c  and Sic in silicon-matrix materials with almost no 
porosity differed negligibly after exposure to environments with and without water vapor. This finding also 
indicates that the flexural strength of the material with a free silicon content of 47% is inherently lower and 
oxidationkorrosion is not of concern, based on these short exposure tests. Siliconized S ic  (with 8% free Si 
and 2% porosity) and SiC(p) in alumina (with 10% AI and 1% porosity) showed substantial increase in 
flexural strength in the presence of water vapor when compared with strength of specimens exposed to an 
environment without water vapor. The bend-tested specimens are currently being analyzed to examine the 
oxidatiodcorrosion-product phases and to determine the cause of the noted increase in strength. 

SUMMARY 

Several monolithic and composite ceramic materials have been evaluated for their corrosion 
resistance in environments of interest in advanced combustion systems. Oxidation of these materials in air 
is in “passive“ mode and leads to formation of silica only. Water vapor contents up to 30 vol.% in air had 
minimal effect on the oxidation rate of these materials at 12OOOC and exposure to slag environments at 
12OoC showed minimal attack, primarily due to the absence of liquid corrosive products. Exposure of these 
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Figure 5. Effect of 500-h exposure in differing environments at 1200°C on flexural strength of several SiC- 
based materials 

materials in coal-fired combustor experiments showed deposits rich in mullite (silica-alumina phase) and 
anorthite (calcia-silica-alumina phase), both of which have melting temperatures >140O0C. 

Four-point bend test data showed that air oxidation up to 500 h at 1200°C had minimal effect on 
strength properties; tests showed minimal effect of water vapor on strength of alpha-Sic and siliconized Sic. 
Some strength reduction was evident in the SiC(f)/SiC matrix material; this may be due to a greater porosity 
of this material. Free carbon detected on the fracture surface may be deleterious over the long term. Exposure 
to any of the three slags had a negligible effect on the flexural strength of the materials; in the presence of 
slag and simulated combustion gas that contained water vapor, porous materials such as siliconized SIC and 
SiC(p) in AI203 showed improvement in flexure strength. 
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