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ABSTRACT 

As part of an effort to evaluate the use of advanced ceramics in a new 
generation of coal-fired power plants, a Sic particulate reinforced A1203 has been 
exposed to corrosive coal slag in a laboratory furnace and two pilot scale combustors. 
Initial results indicate that the laboratory experiments are valuable additions to more 
expensive pilot plant experiments. The results show increased corrosive attack with 
increased temperature, and that only slight changes in temperature may significantly 
alter the degree of strength degradation due to corrosive attack. ?he present results are 
part of a larger experimental matrix evaluating the behavior of ceramics in the coal 
combustion environment. 

INTRODUCTION 

A new generation of coal fired power plants yith increased efficiency, fewer 
emissions and lower costs are currently being developed.'. Large improvements in 
efficiencies will require a change to combined cycles that employ gas turbines and 
staem turbines (Brayton Cycle) instead of exclusive reliance on steam turbines. 
Extremely high temperature working fluid is required to boost the efficiency, and the 
result is that the power plant sub-systems will be exposed to much more corrosive 
environments than in the present systems. The uses of ceramic heat exchangers are 
being investigated for those new power plants because of the potential for producing a 
clean, hot working fluid for fhe gas turbine. 

The leading candidate materials for ceramic heat exchangers are silicon 
carbide-based materials in the form of sintered SIC, siliconized Sic, or a composite 
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containing SIC. 'Ihe thermal conductivity of this group of ceramics is good, and the 
retention of mechanical properties, as well as the thermal shock resistance, is presumed 
to be adequate for the application. However, relatively little is known about the 
behavior of these ceramics in the corrosive coal combustion environment, and in order 
to achieve the desired lifetimes of up to 20 OOO h this needs to be determined. Some 
early studies indicated severe corrosion problems in a coaVoil burning rig,34 and basic 
coal chemistries were found to be more corrosive than acidic chemistries. More 
recently modem Sic  and a new Sic-particulate reinforced Al2O3 composite have been 
tested in a coal ash en~ironment.~-ll 

Testing of these candidate materials is made especially difficult because of the 
complexity of the coal combustion environment and the large variability in the coal 
components. However, in recent years the knowledge of the coal behavior and the 
factors affecting the corrosion of ceramics in these systems has increased, and therefore 
more realistic experiments can be designed.'* Two distinctly different approaches can 
be taken: 1) Test the corrosion of each known primary corrodent for each material and 
temperature, resulting in a much too large experimental matrix, or 2) Test the 
materials in a full scale power plant, burning the coal under consideration, resulting in 
expensive and sometimes illdefined experiments. An additional level of complexity is 
added due to the statistical variations in the strength properties of ceramics, producing 
the need for testing of a relatively large number of specimens and for evaIuating 
severity of pit formation as well as material recession rates. 

Some of the recent coal ash corrosion work7-'* was performed in a muffle 
furnace using well-characterized ash produced in a drop tube furnace. Retained 
strength was measured and the corrosion mechanisms studied. On the basis of that 
work, and on studies of coal ash chemistry and the factors affecting the composition of 
the ash deposits in the coal burning systems,12 the present study was initiated. The 
purpose is to evaluate the behavior of ceramic tube-components under coal ash 
corrosion, and to measure the residual mechanical properties. This study is being 
coordinated with related ongoing work, so that several research groups are using 
comparable coal ash chemistries and temperatures. In the following, initial results from 
exposure of one candidate ceramic will be presented. 

EXPERIMENTAL PROCEDURE 

Tubes of a Sic-particulate reinforced AI203 composite (DuPont Lanxide 
Composites Inc.) of OD 52 mm, ID 43 mm and length 300 mm are being evaluated. 
The composite contained approximately 50% Sic, 40% AI203 and 10% residual metal 
alloy. This material was shown in the previous study7* 8, lo to perform quite well due 
to the oxide layer produced on the component by the manufacturer after final shaping. 
There are some concerns about the creep properties of this material, but initial studies 
show that the creep properties may be acceptable up to about 1260°C.13 

The slags for these experiments were gathered from the taps of three cyclone- 
fired utility boilers. Two types of Illinois #6 bituminous coals were used. One was 
from coal burned at the Central Illinois Public Service Coffeen Plant [iabeled Coffeen] 
and was produced from a low sulfur producing mine. The low sulfur (in the form of 
low FeS2 content) leads to high viscosity of the slag, so therefore 1.5% limestone was 
added at the power plant to reduce the viscosity. The second Illinois #6 coal was from 
the Illinois Power Company Baldwin Plant flabeled Baldwin] and was a mixture of 



Illinois #6 and Illinois #5 coals, resulting in a typical slag with less Ca and more Fe than 
the batch from the Coffeen plant. A sub-bituminous coal slag will also be used in the 
project, but results using this slag are not included here. Each slag was analyzed at the 
University of North Dakota Energy and Environmental Research Center (UNDEERC) 
and was split from the main barrel according to ASTM D 2013 "Standard Method of 
Preparing Coal Samples for Analysis." The chemical compositions of the two coal 
ashes are given in Table 1. 

Table 1. Chemical composition of the coal ashes. 
Oxide, wt% Coffeen Baldwin 
Si02 52.5 53.4 

16.3 
13.5 
0.7 
0.2 
13.1 
1.2 
0.8 
1.6 

18.6 
17.6 
0.7 
0.0 
7.1 
0.9 
0.0 
1.7 

A1203 
F a 0 3  
Ti02 
p205 
CaO 
MgO 
Na2 0 
K20 
SO? 0.1 0.0 

The test temperatures were 1090°C to produce a condition of sintered ash, 
126OOC for a viscous molten ash, and 143OOC for a fluid molten ash. Tube-sections 
150 mm long were placed in a box furnace; an initial layer of coal slag was added; and 
the furnace was brought up to temperature in 2 h. In order to replenish the coal slag 
75 ml was added to each tube length every 48 h through the top of the furnace. Total 
exposure time was 500 h after which the furnace was slowly cooled to room 
temperature. After inspection each tube was cut into 9 C-ring specimens for strength 
testing. The C-rings were placed in a mechanical test system containing a box furnace, 
re-heated to the exposure temperature and loaded in compression to failure at a fast 
loading rate (45 N/s). The strength was evaluated using the appropriate formula for C- 
rings in compression? Three tubes were cut into C-rings and tested in the as-received 
condition in order to provide base-line strength data at each test temperature. The 
strength data were analyzed using Weibull statistics l4, l5 and fractography was 

Two additional tube sections each 300 rnm long were exposed in two different 
combustors in order to tie the laboratory experiments to systems testing. One tube was 
exposed at UNDEERC for 100 h in a 220 k W  (750 OOO Btu/h) pilot scale combustor 
burning the same type of IIIinois #6 coal from the Baldwin plant as described above.I6 
The tube was placed in the coal stream in a section at a temperature between 1340°C 
and 1370OC. The other tube was placed in the radiant section at the Combustion and 
Environmental Research Facility (CERF) at Pittsburgh Energy Technology Center 
(PETC) at a temperature between 1050°C and 125OOC. The CERF is a 150 k W  
(500 OOO Btu/h) pilot scale combustor, and the tube was exposed in the combustor for 
1OOOh while miscellaneous eastern bituminous coals were burned for other 
experimental ap~lications.~~ Both these tubes were sectioned into C-rings and strength 
tested at 1260OC as described above. 
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RESULTS A N D  DISCUSSION 

Exposure in the Laboratory Furnace 

At 1090°C the Baldwin slag was lightly sintered together but did not stick to 
the surface of the tube except in certain small spots. The ceramic surface was 
discolored gray-brown from its original gray color, but did not show any obvious 
surface damage. 

At 1090°C the Coffeen slag was also lightly sintered together, and a layer was 
loosely sintered onto the tube. When the slag was peeled off, there was no obvious 
surface damage, but some brown discoloration was observed. The viscosity for the two 
coal slags was similar at 1430"C, but the temperature where the slag starts to solidify 
was somewhat higher for the Baldwin than the Coffeen slag,'* and this may explain the 
difference in appearance at this temperature. Details pertaining to the different 
viscosities will be included with detailed microprobe work later in the project. 

At 1260°C the Baldwin slag was fused onto the tube. The slag was brown and 
had a shiny glazed appearance on the side of the tube, and was black with large bubbles 
on the top surface where the slag had been applied. 

At 1260°C the Coffeen slag was also well fused onto the tube, but the 
appearance was less glazed and the color was uniformly matte brown. There were 
small bubbles in the slag, but fewer large bubbles at the surface. 

At 1430°C the Coffeen slag was very well fused onto the tube in a thin brown 
layer. Few bubbles had developed, and it was obvious that the slag had been very fluid 
at that temperature. There was no major wall recession; however, the tube was 
rendered very brittle, and cracked lengthwise during the machining of the C-rings. This 
paper describes work in progress, so not all elements of the test matrix are complete at 
this time. 

Exposure in Coal Combustors 

The tube which had been exposed in the UNDEERC combustor at a 
temperature between 1340°C and 1370°C (Baldwin slag), had a highly glazed, even 
brown slag layer fused onto it. There was some slag build-up on one side, containing 
areas with large bubbles under the surface. Some material loss was observed on one 
side of the tube. Each of the C-rings was measured arid the dimensions will be 
compared to the as-received dimensions. The appearance of the slag on this tube was 
very similar to the appearance of the slag on the tube from the laboratory furnace, 
(Baldwin slag at 1260°C) indicating a similar temperature level. However, the wall 
recession was apparently more severe, indicating that the combustor environment, in 
which there is rapidly moving combustion gases passing over the tube, could be more 
severe than the furnace environment. 

The slag on the tube exposed at PETC at a temperature between 1050°C and 
1250"C, was less sintered, which confirmed that the exposure temperature had been 
under the temperature for creating molten slag. The slag was discolored, was lightly 
sintered together, and was well attached to the tube. There did not seem to be a serious 
wall recession for this tube. 



Strength Testing 

Figure 1 shows the Weibull characteristic strengths for the C-rings which have 
been tested to date. "le error bars represent 90% confidence interval for the 
characteristic strengths. It is apparent from this figure that the as-received strengths 
were not significantly different at this confidence level over this temperature range. 
This is similar to earlier observations for this materials7 C-rings from both the tubes 
exposed in the pilot scale combustors were strength tested at 1260°C. From the ranges 
of temperatures given, this was in the high-end for the tube exposed at P E E  and in the 
low end for the tube exposed at UNDEERC; however, the temperature was chosen as a 
common denominator, and for ease of comparisons to the as-received data It was 
found that the strengths of the exposed specimens were lower than the corresponding 
as-received strength. However, the strength of the specimens from the two combustor 
runs were not significantly different, in spite of the fact that there was an order of 
magnitude difference in the exposure times for these tubes. This result indicates that 
the exposure temperature plays a very important role, and that significant differences in 
life-times may occur for only moderate changes in material exposure temperature. 
Further, the results indicate that it is important to investigate the influence of the coal 
chemistries. Surprisingly, the lowest strength was found for the specimens exposed in 
the laboratory furnace to the Coffeen slag at 1260°C. The reasons for this are not yet 
clear, however, comparable strength testing of the specimens exposed to the Baldwin 
slag may give an indication of the relative importance of the slag type and viscosity. 
Also, microprobe studies of the reaction layers will give important additional 
information on the difference observed for the different slags. 
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Fig. 1. Comparison of characteristic strengths for as-received and exposed specimens. 
Error bars indicate 90% confidence level. 

The Weibull moduli with the corresponding 90% contidenee levels are shown 
in Fig. 2. It can be seen that the Weibull modulus was low for all the data sets, and at 
the given confidence level similar for all the conditions. The shape of the Weibull 



graph can give an indication as to the existence of different flaw populations in a data 
set. Figure 3 shows the Weibull graph for the as-received specimens tested at 1260°C 
and Fig. 4 shows the graph for the specimens from the UNDEERC tube. Both graphs 
trail off at the lower strength end, indicating a different failure mode for the weaker 
specimens. Optical fractography was used to initially identify the location of the 
fracture origins (see the labeling of the graphs). As can be Seen there is no indication 
that, for instance, corner initiated failures were dominating one end. The fracture 
origins on the exposed tube seem to be consistently close to the surface, but under the 
slag layer, see typical optical micrograph in Fig. 5. Further analysis by Scanning 
Electron Microscopy (SEM) showed that the slag layer was well fused to the surface 
and that there was a layer of pores along the interface (see Fig. 6). In many instances 
one large or several small pores would constitute the fracture origin. 

Fig. 2. Comparison of Weibull moduli for as-received and exposed specimens. Error 
bars indicate 90% confidence level. 

SUMMARY 

Comparison of the strengths of Sic particulate-reinforced M 2 0 3  in the as- 
received condition to the strength after exposure to coal slag in laboratory furnace and 
pilot-scale combustors indicates that the slag will act as a strong corrodent and reduce 
the strength of this ceramic. There are, however, clear indications that the time for 
significant strength reduction to occur may vary considerably with only slight 
variations in temperature. Further work on the corrosion mechanisms, surface damage 
and strength degradation will be performed in order to determine the boundary 
conditions for a possible successful implementation of this type of ceramics in the 
proposed application. 

ACKNOWLEDGMENTS 
Research sponsored by the U.S. Department of Energy, Office of Fossil Energy, 

Pittsburgh Energy Technology Center, Advanced Combustion Technology Program, 



DOE/FE AA 20 10 00 0, under contract DE-AC05-960R22464 with Lockheed Martin 
Energy Research Corp. 

1 -  s meu c w m  
s mnr comr 

4 4.5 6 55 
Ln Strength [MPa] 

Fig. 3. Strength distribution of the as received C-rings tested at 1260°C. The solid Line 
is determined using the unbiased Weibull modulus. The label S indicates fracture 
initiation on the tensile surface. 
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Fig. 4. Strength distribution of C-rings exposed at UNDEERC and tested at 1260OC. 
The solid line is determined using the unbiased Weibull modulus. ?he label S indicates 
fracture initiation on the tensile surface, C is initiation from comer. 
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Fig. 5. Fracture surfaces of C-rings exposed at UNDEERC and tested at 1260°C. The 
fracture initiation was on the tensile surface, in conjunction with bubbles in the slag. 

SPECIMEN - INTERFACE 

SLAG 

Fig. 6. Typical SEM micrograph of C-rings exposed at UNDEERC and tested at 
1260°C. The slag is well fused on, but a series of bubbles on the specimen slag 
interface acted as fracture initiation points. 
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