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ABSTRACT 

 
The purpose of this project is to study the effects of chlorine contents in fuels on metal 
corrosion and mercury emission.  This technical report only focuses on the corrosion 
results.  Three coals with chlorine contents (0.09, 0.15, and 0.36%) were burned for 
periods of at least 500 hours for corrosion tests.  The round corrosion test coupons of 
SA-213T-22, SS304 (for super-heater area) and SA210 (for water wall areas) were 
protected with chromium plating on the edges, which was used to indicate the original 
surface of the coupon.  Metal wastage of SA-213T-22 tested in the superheater area 
was the highest for the high chlorine (0.36%) coal, but the difference in metal wastage 
among the three coals was not significant.  The corrosion scales obtained from the 
tests of burning the three coals had essentially similar structures and composition with 
two distinct layers: the inner layer of Fe (Cr) oxide and the outer layer of porous Fe3O4.  
The inner layer contained about 4% Cr by weight.  Significant amounts of sulfur also 
existed in the inner layer at a rate of 2-4% by weight.  In most cases, fly ash particles 
were found embedded in the outer iron oxide layer, making it virtually a composite 
layer.  Up to 500 hours, 304 stainless steel was highly resistant to corrosion in the 
superheater area.  Using a scanning electron microscope, polishing scratches on the 
coupon surface were still visible after the longest exposure time for this material.  
X-ray diffraction analyses of the tested coupons showed that all the diffraction peaks 
were from the alloy base.  Metal wastage of SA-210 tested on the 5th floor (CO = 
0.0033%) of the boiler was very similar for the three coals tested.  The corrosion scale 
was made up only of iron oxide. Some fly ash particles were also found embedded into 
the iron oxide layer.  Overall, the metal wastage results indicate that the chlorine 
contents in the three coals did not have a significant effect on metal wastage for 
SA-213T-22 in the superheater area.  This conclusion was also supported by test 
results from the SA-210 material at the 5th floor of the water wall area.  For the low 
and mid-range chlorine content coals, iron sulfide was identified in the corrosion 
scales of SA-210 tested on the second floor (CO ~ 2%) of the boiler.  A pure iron layer, 
which is believed to be formed by reaction of the early-formed corrosion scale with 
the reducing atmosphere, was also observed.  No iron sulfide and chlorine were 
detected in the corrosion scales produced by the tests for the high chlorine coal.  
Temperature, alkali metal species, and sulfidation were the three most important 
factors causing and/or accelerating metal wastage either under oxidizing or reducing 
conditions inside the PC boiler. 

 



 

 

EXECUTIVE SUMMARY 
  

Current studies report that coal chlorine can convert elemental mercury in the flue gas 
during combustion into chlorides that can be captured easily by conventional 
scrubbers.  This means that chlorine in coal not only causes no significant corrosion, 
but acts as an agent that can enhance mercury capture efficiency.  However, all data to 
date about the chlorine in coal issue were from small-scale facilities, not from a 
full-scale boiler tests that could be more convincing to the utility industry.  As a 
consequence, ICCI made a decision to support a full-scale corrosion test combined 
with a full-scale mercury test program to investigate the possible corrosion effects of 
high-chlorine Illinois coals.  In this way, ICCI can obtain full-scale test data in 
addition to information about the effects of chlorine on mercury control applications.  
This project was conducted in conjunction with two EPRI projects “Field Testing 
Combining High Chlorine Coal with Control Technology to Minimize Mercury 
Emissions” (EP-P6549/C336), and “The Impact of Coal Chlorine on Corrosion 
Processes: Short and Long-term Field Corrosion Testing in a Utility Boiler with a Low 
NOx Burner” (EP-P7403/C3763).  A successful project demonstrating the utilization 
of high chlorine coals may open new markets for Illinois high chlorine coals.  It will 
also reduce the risk of serious damage to commercial units using high chlorine coals, 
if power plant operators know the limits for the utilization of such coals.    

  
Corrosion testing (three runs, each run with three different alloys: SA-213T-22 (UNS# 
K21590), SA210A36 (UNS# K02702) and SS304 was continuously conducted at 
three locations in a 100 MWth Boiler.  Location 1 (superheater area, ~1500oF) is 
located on the tenth floor of the furnace.  Location 2 (water wall area, ~1800oF) is 
located on the fifth floor of the furnace.  Location 3 (water wall area, >2400oF) is 
located on the second floor of the furnace opposite the second row of low-NOx burners 
where a much more reducing environment (CO = ~2.3%) than that found on the fifth 
floor (CO = 0.0033%) was measured.  The test probe for Location 1 and Location 2 
was air cooled with the air pumped into the pipe, striking the end sample holder of the 
pipe, then exiting the rear of the pipe.  This cooling allows a relatively uniform 
temperature (1050oF) to be maintained among the tested alloys.  The test probe for 
Location 3 was steam cooled with the same structure as the air cooled probe.  This 
cooling keeps the surface temperature (700oF) from dropping, which may be caused 
by heavy deposits. 

 
Three coals were each burned for 500 hours.  The analytical data indicate the three 
coals have the same rank, with a slight variation in the heating value.  Chlorine 
contents of the three coals were 0.09%, 0.36% and 0.15%. 
 
Combustion gases were withdrawn and introduced into three gas analyzers: a 
photoacoustic multi-gas analyzer (INNOVA 1312), an IMR 7000 multi-gas analyzer 
and a Tempest 100 analyzer for determining O2, CO, CO2, H2S, SO2, and HCl.  The 
major, minor, and trace constituents in the coal and ash were determined using a 
Rigaku RIX 3001 XRF, a LECO ICP/TOF-MS, a LECO AMA-254 Mercury Analyzer, 
a LECO TGA-601 Proximate Analyzer, a LECO SC-432 Sulfur Analyzer, a LECO 
AC-350 Bomb Calorimeter, a LECO CHN-2000 system, a Dionex DX-120 Ion 



 

 

Chromatograph, and various other types of instrumentation for fuel testing following 
ASTM methods of analysis.  The stability of Hg in combustion residues was 
determined using the toxicity characteristics leaching procedure (TCLP: SW-846 
method 1311).  
 
During plant outage in November 2001, eleven ash deposit samples were collected 
before corrosion testing.  Among the eleven, five ash deposit samples were collected 
from the surfaces of the tubes nearest the soot blower.  Six ash deposit samples were 
collected from the surfaces of tubes that were furthest from the soot blower.  After ash 
deposit sampling, four superheater tubes in the boiler were cleaned and 
marked.  During the outage in April 2002, the tubes marked were checked and no 
significant deposits were obsevered.  A second set of seven ash deposit samples were 
collected from marked tubes again during the outage in November 2002.  The third set 
of ash deposits will be collected at the next outage in May 2003. 
 
Corrosion tests for the first coal were begun on May 30 and ended on July 2, 2002.  
The coal tested had a chlorine content of 0.09% and a sulfur content of 1.2%.  The 
overall test time was 800 hours.  During the testing, the major problem was the coupon 
temperature could not be maintained stable (700oF), even if the de-slagging operation 
was conducted.  Visual inspection of the first test coupons revealed ash or slag 
deposits on the coupons.  Cross sections of the coupons were examined and the metal 
wastage was determined using an optical microscope.  It was found that the SA-210 
(A36) steel tested at the windows on the second floor suffered a high corrosion rate, 
which is apparently higher than the actual water wall tubes normally have.  The 
corrosion was generally uniform rather than localized, although the metal wastage was 
not exactly the same everywhere.  Cross section examination by SEM showed that the 
corrosion scale was only composed of iron sulfide (FeS).  Back-scatter electron 
imaging of the corrosion scale showed roughly two layers.  The inner darker layer 
contained less sulfur than the outer layer even though both of them were composed of 
FeS.  No oxygen could be detected.  Apparently sulfidation had occurred for the metal.  
Construction of phase stability diagrams at different temperatures (100oC, 200oC, 
300oC and 370oC) showed a shift of the stabile phase for iron at the temperature that 
the heat exchange tubes experience under operating conditions, to iron sulfide at lower 
temperatures.  It is most likely that the test coupon was attacked by sulfur only 
because of the temperature drop caused by the slag deposition. Therefore, the 
temperature drop was believed to be the source of the trouble causing the unrealistic 
rate of corrosion.  Extra effort was made to manage the test temperature.  After several 
trials, steam instead of air was finally chosen for cooling the tubular test probes.  The 
minimum surface temperature was at least over the steam temperature (350oF) when 
heavy ash was deposited on the surface of the test coupon.  The cooling method 
chosen for the probe at location 3 was changed to use steam instead of air.  The 
corrosion at Location 3 for the first coal was retested.  Another probe with air cooling 
was installed at Location 2 (5th floor, oxidizing conditions) for the water wall probe 
backup. 
 



 

 

Cross sections of the cut pieces of the tested samples were examined for metal 
wastage using an optical microscope.  The metal wastage measurement was based on 
metal surface recession with reference to the baseline protected by electrodeposited 
chromium layer.  The material 304SS is so resistant to corrosion that no measurable 
metal wastage could be determined.  Firing a higher chlorine coal showed some higher 
SA-213T-22 corrosion in the superheater area.  However, the difference in metal 
wastage among the three coals is not significant.  The metal wastage obtained after the 
longest exposure (500 hours) is very similar for the three coals, with the high chlorine 
coal showing 91.7 µm, the low chlorine coal 69.8 µm and the mid-range chlorine coal 
80.6 µm of wastage.  Metal wastage of SA-210 obtained on the second floor (water 
wall area) was very complex and uncertain; not only did the corrosion test at this 
location give high rates of metal loss, but also variations of metal wastage versus time 
did not follow any known corrosion trend and mechanism.  A heavy slag formed 
continuously at the second floor level due to the nature of the low-NOx burners.  
Among the three coals, the heaviest ash deposit occurred when low chlorine coal was 
burned, then followed by the high chlorine coal, and finally the mid-range chlorine 
coal.  Sometimes, the deposit was so serious that the probe had to be continuously 
pulled out and cleaned.  As a result, the probe was under a heat-cool-heat cycle, which 
results in thermal stress of the test material that may lead to additional metal wastage.  
For example, the probe for the low chlorine coal had to be pulled out every two days 
for cleaning after the initial 4 days.  This frequent action resulted in the highest 
500-hour metal wastage for the three tests, while only small metal wastage was 
observed for the short-term test.  Some of the slag deposit was examined by SEM/EDS, 
which showed it was primarily iron oxide.  The iron oxide was not a continuous phase, 
having the appearance of islands.  Compositional analysis of the inner layer shown by 
SEM/EDS studies under low magnification showed the major elements were iron, 
silicon and aluminum, with small amounts of sulfur, potassium and sodium.  The inner 
part, which had a discontinuous but somewhat dense iron oxide phase, had a thickness 
of about 0.4 cm.  In the far edges of the inner layer only ash deposits were observed at 
some locations, while at other locations the iron oxide phase was still found.  Different 
from the inner part, the white iron oxide phase was more loosely distributed in the far 
edges of the inner layer.  In the middle part of the slag piece fly ash particles were 
observed.  A gray phase containing a significant amount of calcium was found at the 
outer part of ash deposit. 
 
For the low chlorine and mid-range chlorine coal tests iron sulfide was identified in 
the corrosion scales of the SA-210 tested on the second floor of the boiler.  A pure iron 
layer was observed, which may be formed by reaction of the early-formed corrosion 
scale with the reducing atmosphere.  No iron sulfide was detected in the corrosion 
scales produced by the tests with the high chlorine coal.  The material was attacked by 
melt for some exposures, especially for the 150-hour test.  Corrosion behavior of the 
steel tested at this location was complicated by slag deposition and test temperature 
fluctuation, which was due to the test probes being placed in the face of the burners. 
 
Metal wastage of SA-210 tested on the fifth floor (water wall area, oxidizing 
conditions) of the boiler for the three coals was very similar.  The corrosion scale was 
made up only of iron oxide.  Some fly ash particles were also found embedded into the 
iron oxide layer. 
  
 



 

 

Temperature, alkali metal species, and sulfidation were the three most important 
factors causing and/or accelerating metal wastage either under oxidizing or reducing 
conditions inside the PC boiler. 
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OBJECTIVES 
 
The objectives of this project are as follows: 
1. To evaluate what corrosion may occur during the test firing of coals with 

different chlorine contents. 
2. To evaluate the corrosion resistance performance of different kinds of materials 

in a utility boiler. 
3. To study the effects of chlorine content in the fuel on the emission of mercury. 
4. To determine how fly ash composition (including unburned carbon) affects 

corrosion as well as the removal of mercury. 
5. To better understand the effects of ash deposits on metal corrosion in full-scale 

boilers. 
 

INTRODUCTION AND BACKGROUND 
 
It is generally accepted that sulfur, chlorine and molten alkali chlorides from coal may 
play roles in the corrosion of boiler components and in the formation of ash deposits.  
Some studies have indicated that the corrosion rate of boiler tubes increased 
proportionally with increasing chloride concentration in the flue gases.  There have 
been a number of laboratory studies of metal corrosion in the presence of chlorine 
species [1-10].  While studies of corrosion of iron in HCl/Cl2 atmospheres 
with/without oxygen have produced consistent results, corrosion in environments 
containing sulfur species is much more complex.  There are earlier studies reporting 
that the sulfidation rate was reduced in the presence of hydrogen chloride [11-13]. The 
reduced sulfidation rate was explained on the basis that the chloride in the sulfide 
scale acted slowly for the required outward diffusion of Fe to form the sulfide.  In 
another study of chlorine effect on corrosion behavior of a mild steel, 21/4Cr1Mo and 
9Cr1Mo, 0-2000 ppm hydrogen chloride was added to an oxidizing/sulfidizing 
atmosphere [14,15].  At 400 and 500oC the alloys showed linear kinetics when 400 or 
2000 ppm hydrogen chloride was added.  In general, the added hydrogen chloride 
resulted in the formation of a thicker, more porous, less adherent scale, mostly 
consisting of FeS.  Above 2000 ppm hydrogen chloride, hardly any effect was 
detected on the corrosion rate as a function of the concentration of hydrogen chloride.   
An explanation for the small dependence of the corrosion rate on the hydrogen 
chloride content was due to a scale failure mechanism.  The presence of hydrogen 
chloride induced repeated scale failure, which increased the porosity of the scale by 
the formation of ferrous iron chloride at the scale/metal interface [16,17]. 
 
To understand the effect of chlorine on deposit-induced corrosion of iron, there were 
also laboratory studies conducted on iron coated with sodium sulfate and sodium 
chloride and exposed to an oxidizing/sulfidizing atmosphere [18].  Sodium chloride 
was extensively converted to sodium sulfate within a short exposure time in the 
atmosphere containing sulfur dioxide.  The corrosion rate of iron coated with sodium 
chloride was found to be slightly higher than that coated with sodium sulfate, but the 
faster corrosion occurred only at a very early stage of the exposure.  Extended times 
showed no increase in the corrosion rate.  
 
With respect to the effect of chlorine on the corrosion of heat exchange tubes, there is 
a question if these laboratory study results can be simply extended to predict the actual 
corrosion behavior of heat exchange tubes in full-size utility boilers.  This is not only 
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because parameters selected for the laboratory studies usually differed, to some extent, 
from those experienced by real heat exchange tubes, but also because the 
environments that the heat exchange tubes are exposed are much more complex.  
There have been conflicting reports of the effect of chlorine in coals on the corrosion 
of heat exchange tubes in conventional utility boilers.  Since the late 1960s, the U.K. 
literature has correlated corrosion of utility boilers with coal chlorine content.  Some 
studies have concluded that the corrosion rate of boiler tubes increased proportionally 
with increasing chlorine concentration in the flue gases.  In 1989, the First 
International Conference on Chlorine in Coal was held in Chicago.  At this conference 
several papers from the U.K. and TVA reported that corrosion rates in pulverized coal 
and FBC boilers correlated with the chlorine content in coals.  TVA set their chlorine 
level to 0.08 % (later to 0.18 %, and currently to 0.3%) as an acceptable chlorine 
content for FBC boilers.  In 1993, TVA declined to renew an Illinois Basin coal (with 
0.4% Cl) contract (approximately 4 million tons per year) for its FBC unit.  Illinois 
coal producers started facing contract discontinuation or disqualification in bidding 
new contracts due to the 0.3% or less chlorine requirement.  On the other hand, there 
was also a report that many midwestern U. S. utilities have decades of experience 
burning high-chlorine Illinois coal in a large variety of boilers with no chlorine-related 
fireside corrosion problems.  Recent studies of corrosion in fluidized bed combustion 
systems burning high chlorine coals also showed no effects of coal chlorine on 
corrosion of boiler components [19]. 
 
A need to open new markets, or revive former markets, for Illinois coals is a challenge 
faced by the Illinois Department of Commerce and Economic Opportunity (DCEO) 
Office of Coal Development.  This led Illinois to launch several responses to the 
studies of the coal chlorine effects on pulverized coal and FBC performance.  In 1993 
a Request for Proposals from the Illinois Department of Commerce and Community 
Affairs, Office of Coal Development and Marketing, created a research priority to 
address these issues with the purpose of solving these controversial and ambiguous 
problems for both PC and FBC systems.  The intent of the study was to generate data 
through well designed combustion tests to see whether there is critical Cl level, if any, 
at which unacceptable corrosion occurs at normal utility operating conditions.  A 
three-phase investigation (total of 7,000 hours of combustion testing) was carried out 
in order to study the fate of chlorine during coal combustion in an FBC system and to 
study the susceptibility of boiler components to corrosion in combustion gases 
containing hydrogen chloride.  [20]  

 
Experiences of the staff at East Kentucky Power Cooperative’s Cooper Station also 
indicates that no serious corrosion occurred when several high chlorine (average 
0.32%) coals were fired in their PC boiler.  It appears that there is a tendency for those 
utilities using a coal with high sulfur, high ash, and high Cl contents, to attribute their 
experience of increased corrosion problems to the high Cl in coal rather than other 
important factors.  In fact, they easily ignore the primary cause of rapid furnace wall 
corrosion, which is usually poor combustion operation, producing localized hot spots 
with high heat flux, high carbon monoxide levels, and consequently inducing 
excessive slag deposits.  Such deposits will provide an aggressive sulfidizing 
environment and generate molten alkali-iron sulfate to attack the base tube metal 
under the deposits.  Overall, no evidence was identified leading to a conclusion of 
metal wastage or corrosion caused directly or indirectly by coal chlorine under the 
conditions of exposure in the pilot FBC and PC tests.  Metal temperature, ash deposits 



 
 

 

3

and erosion were the major factors accelerating metal corrosion in the combustion 
systems.  Due to budget limits (over a million dollars needed to test three coals) and 
difficulty in finding a full-scale utility boiler in the U.S. willing to commit to 
long-term (at least 500 hours) tests burning high-chlorine coal, only pilot- and 
lab-scale (and no full-scale test) combustion tests have been conducted. 
 

 
EXPERIMENTAL PROCEDURES 

 
Unit Configuration (Figure 3-1): 

 
Boiler type:  B&W, Front-wall low-NOx burner, No SO2 control 

device. 
 Particulate precipitator:  Cold-side ESP with 99.03% efficiency. 
 Fly ash management:   Mix with bottom ash.    
 Bottom ash management:  Pond only 
 Boiler parameters: 
  Gross electrical output:  123.0 MW 
  Gross cycle rate:     1.014 e04 Btu/kWh  
  Net electrical output:   116 MW 
  Excess air for furnace:   20.00 (% air) 
 
Test Location, Materials and Protocol 
 
The temperature profiles and gas compositions along the depth and height of the Unit 
1 boiler was determined between January 28 and February 7, 2002.  The furnace 
temperatures on the tenth, fifth and second floors were around 1446oF (786oC), 
1810oF (988oC) and >2462oF (1350oC), respectively.  On the 1st and 2nd floors of the 
furnace, it was found that the gas concentration varied with time near the area of the 
three burners where the CO concentration varied between 1% and 3%, which is an 
indication of net reducing atmosphere conditions.  Typically, it is believed that a CO 
level greater than 2% is representative of the reducing conditions that can give rise to 
accelerated furnace wall corrosion, provided there is sufficient sulfur available, and 
therefore create the conditions where coal chlorine effects (if any) may also come into 
play.  It appears that the CO levels at the 2nd floor port (2.28%) of the boiler meets 
these criteria.  On the 5th and 10th floors, the oxygen concentration is 3-5% and trace 
amounts of CO were detected.  The concentration of SO2 is around 800 ppm.  In 
accordance with data from the temperature profile and gas composition, all corrosion 
testing was continuously conducted at three locations.  Location 1 (superheater area) 
is located on the 10th  floor of the furnace.  Location 2 (water wall area) is located on 
the 5th floor of the furnace.  Location 3 (water wall area) is located on the 2nd floor of 
the furnace opposite the second row of low-NOx burners where a much more reducing 
environment than that found on the 5th floor was measured. 
  
A low chromium steel SA-213T-22 (F22, UNS# K21590), a stainless steel 304SS, and 
a carbon steel SA-210 (A210, UNS# K02702) were selected as the test materials. F22 
and 304SS were employed for tests conducted in the superheater area, while A210 was 
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used for the water wall tests.  F22 and A210 are current materials used for superheater 
tubes and water wall tubes at this power plant.  Compositions of the tested materials 
are given in Table 3.1.  The coupons were machined to a diameter of 2.86 cm for both 
SA-213T-22 and 304SS, and 3.81 cm for SA-210, to a thickness of 0.32 cm.  Each 
coupon was polished with 80 mesh grinding paper before being electroplated with a 
chromium band on the surface along its circumference edge.  The chromium coating 
was about 15 micrometer in thickness and had a width of 0.10 cm.  The test coupons 
were welded in the holders installed on a cooling tube, as shown in Figure 3-2.  The 
holder was designed to have a fringe, which protected the chromium coating from 
corrosion and erosion.  The holder material was the same as the coupon material when 
the coupons were SA-210 and SA-213T-22, but was a low chromium steel when the 
coupon was 304SS.  In order to coordinate the corrosion behavior with the local 
environment, a flue gas-sampling pipe was installed in all long-term corrosion probes.  
The flue gas constituents were measured periodically.  Three thermocouples were 
welded on the probe along its length for monitoring and controlling the temperature of 
the test probe.  The test probe for Location 1 and Location 2 were air cooled with air 
pumped into the pipe and striking the end sample holder of the pipe before exiting the 
rear of the pipe.  This cooling allows a relatively uniform temperature to be 
maintained among the tested alloys. The test probe for Location 3 was steam cooled 
with the same configuration as the air-cooled probe.  This cooling kept the surface 
temperature from dropping when the tube was subjected to heavy deposits.  At 
location 1, a maintenance door was modified to simultaneously hold two test probes.  
One of the ports was reserved for placing the probe exposed for the longest time, i.e., 
500 hours for SA-213T-22, while the other was utilized for testing both SA-213T-22 
and 304 SS for exposure times of 10, 30, 70 and 150 hours.  Location 2, an observation 
window, was retrofitted for A210 material, scheduled for 500 hours of testing.  On the 
2nd floor two observation windows opposite the burners were used for two A210 
probes.  One of the windows was used for 500-hour tests of SA-210, and the other was 
used for 30, 70, 150 and 250 hour tests of the same material.  
 
To study important effects of boiler parameters (temperature and ash deposits) on the 
corrosion process of a metallic material, a “dummy test” was prepared and conducted. 
This test was conducted from April 10th until April 19th prior to the formal corrosion 
testing.  Two probe tubes with different lengths were prepared and inserted into the 
temperature measurement locations.  The longer probe was inserted into the secondary 
superheater region while the boiler was operated at its full capacity.  The gas 
temperature at the secondary superheater region was above 1450oF.  After adjusting 
the flow rate of the fan in the air compressor, the coupon surface temperature could be 
maintained at the desired temperature of 1050oF.  The probe was tested for 70 min.  
The boiler temperature in the second superheater area and the coupon and probe 
temperatures were almost unchanged, though the power output kept changing.  

  
A shorter probe was inserted in the water wall tube area on the 2nd floor opposite the 
2nd row of burners, as planned.  The temperature at that location was too high (> 
2400oF) to be measured.  In the first run, the coupon surface temperature was kept at 
about 700oF, as desired, by adjusting the flow rate of the fan in the air compressor.  
However, unlike the temperature distribution of the probe in the 2nd superheater area, 
the temperature of the coupon surface dropped to 230oF after 12 hours during the first 
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run, though the cooling air flow rate was kept constant.  After the probe was removed 
from the boiler, it was found that slag on the front of the probe had formed a hard 
cover preventing the heat flux from reaching the surface of the coupon and probe.  The 
slag cover formed from a molten ash material produced by the low-NOx burners.  In 
order to pinpoint the probe temperature variation with time, another run was 
conducted at this location after cleaning the probe tube and testing port.  It was found 
that the surface temperature of the coupon and probe tube dropped continuously and 
did not rebound.  The plant supervisor indicated the problem of molten ash material 
forming at the low-NOx burners could not be solved because of the requirement for 
NOx reduction. 
 
In order to avoid the problem of ash deposits, the dummy test probe was moved to the 
1st floor which is opposite the 1st row of burners.  While the coupon surface 
temperature was kept at 700oF the temperature in the front part of probe was kept at 
about 750oF.  Similar to the results from the 2nd floor experiment, the temperature 
varied with time and oscillated periodically.  The temperature variation was caused by 
ash deposition around the probe and spallation of ash deposits.  No hard ash deposit 
was found around the test port and only a thin layer of ash deposit was found on the 
surface of the coupon and probe tube.  
 
Coals 
 
The analytical data collected on the three coals show these coals have the same rank, 
with a slight variation of the heating value, as shown in Table 3.2.  Chlorine contents 
of the three coals were 0.09%, 0.36% and 0.15%.  The low chlorine coal is the major 
fuel for this power plant and it will be used for several more years.  The mid-range 
chlorine coal also is one of the fuels often used by this power plant.  The high chlorine 
coal was a special purchase for this project to give a test with a high chlorine coal. 
 
Analytical Instrumentation and Procedures 
 
The combustion gases were withdrawn to three gas analyzers: a photoacoustic 
multi-gas analyzer (INNOVA 1312), IMR 7000 multi-gas analyzer and Tempest 100 
analyzer for the determination of O2, CO, CO2, H2S, SO2, and HCl.  The major, minor, 
and trace elements in the coal and ash were determined using a Rigaku RIX 3001 XRF, 
a LECO ICP/TOF-MS, a LECO AMA-254 Mercury Analyzer, a LECO TGA-601 
Proximate Analyzer, A LECO SC-432 Sulfur Analyzer, a LECO AC-350 Bomb 
Calorimeter, a LECO CHN-2000 system, a Dionex DX-120 ion chromatograph and 
various other types of instrumentation for fuel testing following ASTM methods of 
analysis.  The stability of Hg was determined using the toxicity characteristics 
leaching procedure (TCLP: SW-846 method 1311).  
 
The front portions of the tested corrosion probes were cut by a diamond saw and 
cleaned with anhydrous acetone.  The samples obtained from the cutting and cleaning 
were analyzed by X-ray diffraction before being mounted with cold castable EXPON 
resin, and polished.  Metal wastage was determined using an OLYMPUS BX60M 
optical microscope assisted with an autostage referencing the baseline protected by 
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the electroplated chromium layer.  The samples were further coated with carbon films 
and analyzed with a JSM-5400LV scanning electron microscope with an energy 
dispersive x-ray system for microstructure and composition analysis of the corrosion 
scales. 
 

RESULTS AND DISCUSSION 
 
The corrosion test for the first coal was begun on May 30 and ended on July 2, 2002 
with a coal having a chlorine content of about 0.1% and sulfur content of 1.2%.  Two 
long probes were inserted into the corrosion ports on the 10th floor and two short ones 
into the corrosion ports on the 2nd floor.  The overall test time was 800 hours.  During 
the test, the major problem was the coupon temperature on the 2nd floor could not be 
maintained constant, even if a deslagging operation was conducted.  Visual inspection 
of the first test coupons revealed ash or slag deposits on the coupons.  For the 10th floor 
coupons, the deposits appeared to be only loosely attached to the coupons, thin and 
somewhat yellow in color.  The deposits on the coupons from the 2nd floors were 
somewhat thicker and darker in color.  During this test, the surface temperature of the 
test tube varied between 118oF and 562oF with the average temperature around 264oF. 
The flue gas composition was: CO = 5.35%, O2 = 1.43%, CO2 = 11.43%, H2S = 477 
ppm, HCl = 99 ppm, and SO2 = 766 ppm. 

 
Cross sections of the coupons during this test were examined and the metal wastage 
was determined using an optical microscope.  It was found that the SA-210 (A36) steel 
tested at the windows on the second floor of the boiler suffered a high corrosion rate, 
which is apparently higher than that the actual water wall tubes normally have.  
Generally, the corrosion was uniform rather than localized, although the metal 
wastage was not exactly the same everywhere.  The metal wastage occurred as a 
function of time, but was not what we expected; it was not a slow type such as the 
parabolic increase type.  Cross section examination by SEM of the coupon tested for 
800 hours showed that the corrosion scale was only made of iron sulfide (FeS).  
Backscatter electron image of the corrosion scale showed two layers.  The inner darker 
layer contained less sulfur than the outer layer even though both of them were made of 
FeS.  No oxygen could be detected.   Apparently sulfidation had occurred for the metal.  
Construction of phase stability diagrams at different temperatures (100oC, 200oC, 
300oC and 370oC) showed a shift from a stable phase for iron at temperatures that the 
real exchange tubes experience under operating conditions, to iron sulfide at lower 
temperatures.  It is most likely that the test coupon was attacked by sulfur only 
because of the temperature drop caused by the slag deposition.  Therefore, the 
temperature drop is believed to be the source of the trouble causing the unrealistic rate 
of corrosion.  It is expected that the sulfidation attack will disappear if the temperature 
can be kept constant between 700 and 800oF.  Extra effort was made to keep the test 
temperature constant.  One of the trials was to change the probe length but still use air 
as the coolant.  Another plan was to use steam instead of air for cooling the probes.  
The minimum surface temperature will be at least higher than steam temperature 
(350oF) when heavy ash deposits formed on the surface of the test coupons.  After 
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discussions with the power plant supervisor, the power plant agreed to install a system 
for introducing steam into the “dummy test” probes.  The trial was very successful for 
temperature control.  From that point, the cooling method for probes at location 3 was 
changed to steam instead of air.  Corrosion at Location 3 for the first coal was retested.  
Another probe with air cooling was installed at Location 2 (5th floor) for water wall 
probe backup. 
 
Optical Examination and Metal Wastage 
 
Cross sections of tested samples were examined using an optical microscope for 
determination of metal wastage.  The metal wastage measurement was based on metal 
surface recession in reference to the baseline protected by electrodeposited metal layer.  
As a result, successful metal wastage determination depended on the protection 
provided by the electrodeposited metal layer.  The reason for selecting chromium as 
the protective material is that chromium is one of the metals most resistant to 
oxidation, sulfidation and low temperature hot corrosion by forming a protective 
chromium oxide film.  However, electroplated chromium intrinsically has micro 
defects such as micro cracks, and there is a question whether it can preserve the metal 
surface under an aggressive test environment.  Examination results, however, showed 
that no failing of the chromium coating was observed with higher reflectivity than the 
coupon metal and was visible by the optical microscope, indicating that electroplated 
chromium can be employed for metal wastage measurement with proper coupon 
installation and probe design. One optical photo taken for a tested coupon showing the 
chromium layers and the metal recessions is given in Figure 4.1. 
 
The summary of the metal wastage of SA-213T-22 and SA-210 for the three coals is 
given in Table 4.1.  The 304SS material was so resistant to corrosion that no 
measurable metal wastage could be determined, and as a result no data from SS304 is 
listed in Table 4.1.  During this study, use of a higher chlorine coal resulted in higher 
SA-213T-22 corrosion in the superheater area.  However, the difference in metal 
wastage among the three coals is not significant.  The metal wastage obtained after the 
longest exposure (500 hours) is similar for the three coals, with the high chlorine coal 
showing 91.7 µm, the low chlorine coal 69.8 µm and the mid-range chlorine 80.6 µm 
of wastage.  In addition, the mid-range chlorine coal for the test points of 10, 30, 70, 
and 150 hours had lower metal wastages than the low chlorine coal.  Overall, the metal 
wastage results indicate that chlorine contents in the three coals did not have a 
significant effect on metal wastage for SA-213T-22 in the superheater area.  This 
conclusion is also supported by the test results from SA-210 material on the 5th floor.  
SA-210 exposed to flue gas for 500 hours at the fifth floor location also gave very 
similar results for metal wastage, with the high chlorine coal showing 21.6 µm, the 
low chlorine coal 27.0 µm and the mid-range chlorine coal 24.0 µm of wastage.   
 
Metal wastage of SA-210 samples tested on the 2nd floor of the water wall area 
(reducing atmosphere) was very complex and uncertain.  Not only did the corrosion 
test at this location gave high rates of metal loss, but also variations of metal wastage 
versus time did not follow any known corrosion trend and mechanism.  Heavy slag 
was formed at the 2nd floor test port continuously due to the nature of the low-NOx 
burners.  Among the three coals, the heaviest ash deposit occurred when the low 
chlorine coal was burned, then followed by the high chlorine coal, and finally the 
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mid-range chlorine coal.  Sometimes the deposit/slag was so serious that the probe had 
to be pulled out and slag removed for the test to continue.  As result, the probe was 
under a heat-cool-heat cycle, which will cause thermal stress in the test material that 
may cause additional metal wastage.  For example, the probe for low chlorine coal had 
to be pulled out every two days for cleaning after the initial 4 days.  These actions 
resulted in the highest metal wastage for the 500-hour point among the three tests, 
while only small metal wastage was observed for the short-term testing. 
 
Structure and Composition of Corrosion Scale 
 
Superheater -- SA-213T-22.  Corrosion scales on the T22 samples generally consisted 
of two distinct layers: the inner layer of Fe(Cr) oxide which contains 3-5 wt% Cr and 
2-4 wt% S, and the outer layer made up of iron oxide and fly ash particles.  XRD 
analyses showed that the iron oxide in the outer layer was essentially Fe3O4 (Figure 
4.2).  SEM images of cross-sections of the coupons exposed to flue gas for 10 and 500 
hours during the tests with the three coals are shown in Figures 4.3 and 4.4.  Numerous 
fly ash particles incorporated in the outer layer have spherical shapes with sizes less 
than 5 micrometers.  Two images of the surfaces of the tested coupons exposed for 10 
hours and 500 hours are shown in Figure 4.5.  The Figure clearly reveals the 
incorporation of the fly ash into the iron oxide layer.  While most of the fly ash 
particles are located on the surface of the coupon from the 10-hour exposure, more 
particles are surrounded by the iron oxide in the image of the 500-hour test coupon.  
From the surface morphologies, it can also be seen that the outer layer of the corrosion 
scale is generally porous.  
 
In all cases, no chlorine was detected in the corrosion scales.  Typical EDS spectra of 
the inner layer, the iron oxide phase of the outer layer and the fly ash particles 
embedded in the outer layer of a corrosion scale are shown in Figure 4.6A-C.  Iron, 
chromium, sulfur and silicon were the elements identified in the inner layer.  Only iron, 
oxygen and silicon were the detected elements in the white phase of the outer layer, 
which is speculated as a corrosion product.  Silicon detected in the inner layer may 
come from contamination during polishing.  Silicon detected in the base phase of the 
outer layer might be from interference of adjacent ash particles.  The fly ash particles 
embedded in the outer layer contained silicon, aluminum, oxygen and in some 
particles there was also significant amounts of potassium.  The corrosion scale of 
coupons tested with the mid-range chlorine coal for 500 hours was more complex.  
 
Deposits were also collected from the superheater tube bank inside the boiler during a 
boiler maintenance outage.  The heat exchange tubes from which the deposits were 
collected were close to the location where the corrosion test probes were placed.  The 
purpose for collecting and analyzing the deposits was to try to correlate the corrosion 
products with the test materials, and to understand the corrosion mechanism taking 
place in the superheater area, based on data from a long time exposure of the heat 
exchange tubes.  It is generally understood that the metal wastage that occurred in the 
superheater area is caused by slag, and not by flue gas attack.  A photo showing the 
heat exchange tube rows and the deposits is given in Figure 4.8.  Thick deposits were 
found on the tube surface facing the gas flow.  During outage in November 2001, 
eleven ash deposit samples were collected before the corrosion testing began.  Among 
the eleven, five ash deposit samples were collected from the tubes which were nearest 
to the soot blower.  Six ash deposit samples were collected from tubes that were 
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furthest from the soot blower.  After ash deposit sampling, four superheater tubes in 
the boiler were cleaned and marked.  During the outage in April 2002, the tubes 
marked were checked and no significant deposit was obsevered.  A second set of seven 
ash deposit samples were collected from the marked tubes again during the outage in 
November 2002.  A third set of ash deposits will be collected at the next outage in May 
2003.  The compositions of the deposits from the superheater exchange tubes, as 
analyzed by ASTM XRF and ICP-MS methods, are listed in Table 4.3.  A piece of the 
deposit was examined by SEM/EDS, as shown in Figure 4.9.  Prepared in the same 
manner as the corrosion coupon, the deposit sample was sealed in EXPON resin and 
polished before being examined.  Figure 4.9A shows a back-scattered electron image 
of the inner part (contact with tube) of the ash deposit sample. The white phase was 
primarily iron oxide, and it made up the major component of the inner part.  The iron 
oxide was not a continuous phase, having the appearance of islands.  Major 
components of the inner layer, as determined by EDS under low magnification, were 
iron, silicon and aluminum, with small amounts of sulfur, potassium and sodium. 
 
The inner part, which had a discontinuous but somewhat dense iron oxide phase, had a 
thickness of about 0.4 cm.  In the far edge of the inner layer, at some locations only an 
ash deposit could be observed (Figure 4.9B), but at other locations the iron oxide 
phase was still found.  Different from the inner part, the white iron oxide phase was 
more loosely distributed (Figure 4.9C) in the far edge of the inner layer.  An image of 
the microstructure, taken at the middle part of the deposit piece is shown in Figure 
4.9D.  At the right side of the photo, fly ash particles were observed, while the iron 
oxide phase is situated at the left side.  It can be seen that there is a boundary zone of 
gray phase, which is made up of silicon, aluminum, oxygen, iron and small amounts of 
calcium, sulfur and potassium located between the fly ash particle area and the iron 
oxide phase.  This boundary appears to be formed by the interaction between the fly 
ash particles and the iron oxide following melting.  It is worth mentioning that 
temperature should not be the sole reason causing the formation of the gray phase 
because small fly ash particles nearby were not melted at the same temperature as 
shown in the right area of the image.  Another view taken for illustrating the iron oxide 
phase and the gray phase is given in Figure 4.9E.  Noticeably, the gray phase always 
contains a significant amount of calcium, as measured by SEM/EDS, especially for 
that found at the outer part of the deposit piece.  Some small particles containing only 
calcium, sulfur and oxygen are shown in Figure 4.9F.  On the other hand, there was 
almost no calcium detected by EDS for the fly ash particles that remained intact and a 
spherical shape.  The fly ash particles that did not melt were mainly made up of silicon 
and aluminum. 
 
There have been reports that corrosion in the superheater region arose because of ash 
build-up on tube surfaces facing the gas flow.  Sodium and potassium sulfates formed 
in the furnace section gradually accumulate by condensation at the base of the porous 
ash deposit. Alkali metal sulfates probably interact with oxides of metals or other 
components from ash deposits to initiate the formation of a low temperature melt, 
which further dissolved the protective metal oxides that form on tube materials.  The 
melt was also considered to be a transport medium, which let the metal oxide 
precipitate at distances away from the protective oxide layer/melt interface.  The 
precipitated oxide was no longer a continuous phase, and as a result was not protective.  
This mechanism is further supported by evidence from the morphologies and 
compositions of the deposits collected from the superheater area and previously 
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discussed.  As can be seen from Figure 4.7A, the iron oxide phase in the inner part of 
the deposit piece is discrete; potassium and sulfur, as well as iron and oxygen were 
detected in this part.  The iron oxide was very likely formed by precipitation from a 
liquid probably composed of potassium, sodium, iron and sulfate ions. 
 
Temperature gradients were considered to contribute to the process of metal oxide 
precipitation from the melt.  As stability of the dissolved metals decreases with 
temperature increases, temperature gradients through the melt will cause 
concentration gradients for the dissolved metal ions.  These concentration gradients 
ensure that the dissolution is effectively a continuous process, with dissolved metal 
ions diffusing outwards through the molten layer at the hotter outer surface and 
eventually precipitating.  Flue gas temperatures in the superheater area of the boiler 
tested were about 1450oF (788oC), while surface temperatures of the heat exchange 
tubes were around 1050oF (565oC).  
 
Because the iron oxide in the corrosion scales of SA-213T-22 and in the superheater 
deposits was Fe3O4 (Figure 4.2), it is believed that divalent iron ions, as well as 
trivalent iron ions, exist in the liquid phase.  Due to the gradient of oxidant activities, 
there should have been a positive gradient of divalent iron ions across the liquid phase.  
The positive concentration gradient drove the divalent iron ions, which came from 
dissolution of inner iron oxide, to diffuse outwards and precipitate at locations where 
the ion solubility and stability were reduced.  
 
The third important variable is the concentration of gaseous sulfur trioxide formed 
within the outer porous ash, since it controls the chemical stability of molten sulfate. 
Sulfur trioxide affects the acidity gradient across the deposit, and dissolution and 
precipitation of porous oxide from melt.  For the field tests, SO3 concentrations in the 
flue gas were not measured, but SO2 concentrations were found to be as high as 1000 
ppm (Table 4.2).  In the presence of sufficient amounts of SO2 and O2 in the flue gas, 
ash deposits and corrosion products layer, SO3 can form in the pores of ash deposits 
due to the catalytic role of ash deposits and corrosion products.  There is an earlier 
study showing experimentally that SO3 levels in gas immediately above the surface 
were considerably enhanced presumably due to catalytic oxidation of SO2.  In the 
study, a gas containing 3.6% O2 and 0.25% SO2 produced SO3 with a partial pressure 
as high as 50-80 Pa [21].  The oxygen concentration (3.6 %) employed in this study is 
in the order of 4.4% for the low chlorine coal, 2.2% for the high chlorine coal and 
3.3% for the mid-range chlorine coal, respectively (Table 4.2). At the same time the 
SO2 concentrations in the combustion flue gas is approximately 0.1%.  Therefore, it is 
believed that the SO2 concentrations present in the gas in the superheater area were 
sufficiently high to cause the heat exchange tubes being corroded by means of the 
dissolution and precipitation mode. 
 
It is known that alkali sulfates and chlorides themselves are not molten at the surface 
temperatures (around 565oC) of the heat exchange tubes or the test coupons.  However, 
in a search for low melting eutectic phases, earlier investigators [5] suggested that it is 
possible an unstable compound, pyrosulfate - (Na,K)2S2O7 which melts at 
temperatures near 400oC, is formed.  Later studies have suggested that 
(Na,K)3Fe(SO4)3 was important in corrosion reactions [6,7].  It has a minimum 
melting point of 554oC at a K/Na ratio of 1.5.  Considering that K/Na ratios of 2.75 to 
5.08 were calculated for 10 samples of the deposits collected from the heat exchange 
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tubes (Table 4.3), it might be that some (Na,K)3Fe(SO4)3 compounds induced and 
sustained the corrosion of the heat exchange tubes of the boiler and test coupons in this 
study.  Another salt, alkali aluminum trisulfates, which melts around 650oC, but has a 
minimum melting mixture at approximately 540oC, may also contribute to the deposit 
and corrosion process.  It is believed that the actual melt formed was more likely a 
complex mixture of sulfates made of potassium, sodium, iron, aluminum, and even 
calcium and silicon.  In the past, when iron was considered to be a component 
responsible for lowering the melting temperature, trivalent iron was always assumed. 
Recently, it has been suggested that the divalent iron ion may play an important role in 
lowering the melting point [23].  In fact, Fe3O4 was identified as the iron oxide 
forming the corrosion scale (Figure 4.3), which means there should be divalent iron in 
the melt.  The addition of small amounts of other elements such as aluminum and 
calcium into the alkaline-iron sulfate system may further lower the melting point.  
There were significant amounts of calcium detected in the superheater deposits (Table 
4.3).  Calcium was always detected in the gray phase, which was believed to be 
formed by interaction between the iron oxide and the fly ash particles and also to be 
liquid or semi-liquid (Figure 4.9E). 
 
The penetration of sulfur from the flue gas into the deposits is important for formation 
of the low-temperature melt and for occurrence of melt-induced corrosion.  Although 
alkali sulfates are considered the important component of the melt, it is found that 
potassium in fly ash particles did not always correlate with sulfur as shown in Figure 
4.6D.  In fact, particles made up of only calcium, sulfur and oxygen, possibly in the 
form of calcium sulfate, were observed (Figure 4.9F).  The incorporation of sulfur 
from the gas phase may be more controlled by calcium than the alkali elements 
potassium and sodium. 
 
Analyses of the various deposits on the superheater tubes show only about 450 ppm 
chloride (Table 4.3).  Potential effects of chloride on corrosion is not related to the 
formation of any chlorine-bearing corrosion products, but may be associated with its 
facilitating the formation of alkali sulfates, which is a source of materials for forming 
a low temperature melt.  
 
Superheater Area – 304SS.  Stainless steel is highly resistant to corrosion in the 
superheater environment.  Only a protective thin film of chromium oxide was formed. 
All the diffraction peaks of the test coupons were identified as those from the alloy 
base.  The chromium oxide layer was too thin to be effectively detected by XRD. 
 
Water Wall Area (5th Floor, Oxidizing Conditions) – SA-210.  As expected, corrosion 
scales were only made of iron oxide.  Fly ash particles were also incorporated into the 
corrosion product layer to some degree.  No significant metal wastage occurred under 
oxidizing conditions, as illustrated by the values shown in Table 4.1. 
 
Water Wall Area (2nd Floor, Reducing Condition) – SA-210.  SEM images of the cross 
sections cut from the coupons tested for the high chlorine coal are shown in Figure 4.9.  
The EDS analysis results for the corrosion scales for three coals are summarized in 
Table 4.4.  For the low chlorine coal, two layers were identified in the coupon 
produced from 30 hours of exposure: the outer layer containing 50% S by weight and 
43% Fe, and the inner layer consisting of 15% O, 3% S, and 77% Fe. The EDS results 
demonstrated that the coupon was attacked by means of sulfidation or mixed 
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oxidation/sulfidation.  While iron sulfide was the principle phase of the outer layer, it 
is noted that much more iron was detected than oxygen and sulfur in the inner layer.  
Probably the inner layer was of iron with minor combinations with oxygen and sulfur.  
The corrosion scales formed after exposure times of 70, 150, 250 and 500 hours had 
no sulfur identified during the low chlorine coal run.  Only iron and oxygen were 
detected for the 70 and 150-hour tests, but the ratio of iron to oxygen contents did not 
match any iron compound.  Iron concentration is much more than the oxygen content.  
For the test coupons from the 250 and 500-hour tests, no oxygen and only iron was 
detected.  This indicates that the test conditions were close to the triple point of 
iron/FeS/Fe3O4 equilibrium in the phase stability diagram.  It is believed that the 
corrosion products were reduced to iron by the reducing atmosphere by the end of the 
250- and 500-hour tests. 
 
Corrosion behavior for the mid-range chlorine coal was similar to that for the low 
chlorine coal.  For the 30-hour test, 40% sulfur, but only 3.85% oxygen was measured 
in the outer layer, while the iron content was 51%.  In the inner layer, the sulfur content 
was lower, at about 14%, but the oxygen content jumped to 19.5% by weight.  The 
iron content of 57% was close to that found in the outer layer.  Apparently, the coupon 
was corroded mainly by sulfidation.  As sulfur activity declined inward in the 
corrosion scale, more oxygen was detected in the inner layer.  Similar sulfur and 
oxygen distribution patterns across the corrosion scales were found for the 150 and 
500-hour tests.  At the outer part of the 150-hour corrosion scale, there was 24% sulfur 
in the outer layer, but it declined to 8.75% in the inner part.  While no oxygen was 
detected in the outer part, it existed (11%) in the inner layer.  In this scale, the iron 
content is much higher than the concentration of sulfur and oxygen.  For the 500-hour 
test, again more sulfur and less oxygen were determined at the outer layer of the scale 
than in the inner layer, with iron making up about half of the scale.  For the 70-hour 
test coupon no sulfur was identified in the scale.  Fly ash particles were found to be 
incorporated into the scale so that considerable aluminum and silicon were found.  
Microanalysis in the inner layer of the base phase gave 81% iron and only 14% 
oxygen.  
 
Corrosion behavior with the high chlorine coal differed from the two coals mentioned 
above.  Sulfidation did not occur in all cases.  Fly ash or slag particles were embedded 
in the corrosion scale from the 30-hour exposure.  As a result, the average composition 
of the scale had substantial amounts of silicon, as it did in the 70-hour test sample.  
Corrosion scale obtained from the 150-hour test contained considerable aluminum as 
well as silicon.  An enlarged view of the spot with white color, as shown in Figure 
4.10C, is presented in Figure 4.10D.  As can be seen, the shape of the iron oxide (white 
phase) demonstrates that the iron oxide was formed by precipitation from a liquid salt.  
Noticeably, iron particles were identified in the surface and cracks of the scale (Figure 
4.10C).  The scale composition from the 250-hour test was similar to that of the 
70-hour sample, except more aluminum and a small amount of calcium were 
determined.  For the 500-hour test, a small amount of sodium and sulfur were 
measured in the outer part of the scale. 
 
There are earlier reports on heat exchange tube materials that were subjected to 
sulfidation in the water wall area [18, 19, and 22].  In a laboratory study [22], a gas 
mixture of 10% CO, 10% H2O, 0.5% SO2 with addition of 0, 400 ppm and 2000 ppm 
of HCl, all in N2, simulating the gaseous environment in the water wall region, was 



 
 

 

13

employed to study corrosion of a mild steel at temperatures of 400oC and 500oC.  Iron 
sulfide was identified in the corrosion scales.  Although sulfidation is the common 
point between the laboratory investigation and our field tests for the low chlorine and 
the mid-range chlorine coals, it can not be concluded that the laboratory studies and 
the field tests are in good agreement yet.  It is possible that under laboratory conditions, 
such as isothermal exposure of corrosion samples and slow flow movement, the gas 
mixture had reached equilibrium, as iron sulfide was the thermodynamically expected 
product.  However, under dynamic combustion and high temperature gradients across 
the gas/coupon interface, it is possible that equilibrium among gaseous components 
might not be achieved.  The actual corrosion caused by sulfur and oxygen under the 
same partial pressures are believed to be much lower than the thermodynamically 
equilibrium values calculated from the measured gas compositions (Table 4.2).  A 
Fe-O-S phase stability diagram constructed for 370oC is shown in Figure 4.11. 
 
Any fluctuation in concentration or composition will shift the location of corrosion 
points in the phase stability diagram.  Any fluctuation in temperature will shift the 
position of the Fe/FeS/Fe3O4 triple point.  Based on corrosion scale structure and 
compositions mentioned above, it is presumed that two shifts had taken place, and 
caused the unusual metal wastage.  As presented above, only a thick layer of iron was 
identified after 250 and 500 hours of exposure in the low chlorine coal run.  A possible 
explanation is that shift of the gas composition spot or the location of the triple point, 
or of both, during the test made iron become the stable phase in the later stage of the 
tests.  The earlier-formed corrosion products, either iron sulfide, or iron oxide or 
mixed iron sulfide and oxide, was reduced to iron by reaction with reducing 
components, such as carbon monoxide, in the gas.  The conversion from one product 
to another may let the original corrosion product lose its ability for protection, because 
the newly formed product was porous and loosely attached to the surface, making the 
corrosion scale easy to detach from the surface.  
 
Chlorine as HCl may accelerate the sulfidation, and in particular, may enhance the 
internal sulfidation of some materials.  However, such an effect of chloride was not 
observed in our field tests.  In fact, for the high chlorine coal, in most cases iron sulfide 
was not found in significant amounts in the corrosion scales.  Only small amounts of 
sulfur were identified in the outer layers of the 70-hour test coupons (1.26% by weight) 
and in the 500-hour test coupons (1.66%).  Sodium (1% by weight) was determined to 
coexist with sulfur in the scale of the 500-hour test coupon, indicating that small 
amounts of sulfur might contribute to the melt attack rather than sulfidation.  Unlike 
the low and mid-range chlorine coals, corrosion with the high chlorine coal appeared 
to be the melted salt type or hot corrosion.  Even for the test with high chlorine coal, 
iron particles were identified located at the surface and in cracks of the 150-hour scale 
(Figure 4.9C).  This illustrates that the corrosion products with high chlorine coal 
could also be reduced to iron by the reducing atmosphere during the exposure of the 
coupon in the furnace. 
 
Due to safety reasons and difficulty in the installation of a system for introducing 
high-pressure steam into the corrosion test probes, low-pressure steam was connected 
to the test probes.  Consequently, the temperature of the test coupons could not be kept 
as stable as that in the real heat exchange tubes.  As previously discussed, the 
combustion environment at the test location is possibly close to the triple point of 
Fe/FeS/Fe3O4 in the Fe-O-S stability diagram.  Fluctuation in the combustion 
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environment was not the only factor causing the shift of the gas location and, as a 
result, the stable phase.  Temperature fluctuation of the coupons can also shift the 
location of the triple point so as to change the stable phase.  In summary, two factors 
may cause the corrosion of the coupons to differ from that the real heat exchange tubes 
experienced.  During the test no severe corrosion was reported for the real heat 
exchange tubes of the utility boiler. 
 
 

CONCLUSIONS AND RECOMMENDATIONS 
 
Combined with the probe design and the coupon installation, the electrodeposited 
chromium layer of about 5 micrometers in thickness, effectively protected the test 
materials from corrosion, making it suitable for serving as the base line layer for the 
metal wastage determination. 
 
Metal wastage of SA-213T-22 tested in the superheater area was the highest for the 
high chlorine coal, but the difference in metal wastage among the three coals was not 
significant.  The corrosion scales obtained from the tests while burning the three coals 
had essentially similar structures and compositions.  In general, they had two distinct 
layers: the inner layer of Fe(Cr) oxide and the outer layer of porous Fe3O4.  The inner 
layer contained about 4% Cr.  Significant amounts of sulfur also exist in the inner 
layer with compositions of 2-4%.  In most cases, fly ash particles were found 
embedded in the outer iron oxide layer, making it virtually a composite layer. 
  
Deposits on heat exchange tubes in the superheater area of the utility boiler were 
naturally very thick, and located mainly on the tube surface facing the gas flow.  Iron 
oxide islands were observed to make up the inner part of the deposits.  Small amounts 
of sulfur, potassium, aluminum and silicon were also detected in this part.  A more 
loosely distributed iron oxide phase, as well as an area made up of only fly ash 
particles was observed in both the middle and outer parts of the deposits.  Sintered 
phases in connection with the precipitated iron oxide phase were identified in the 
middle and outer parts.  The sintered phases generally consisted of oxygen, silicon, 
aluminum, calcium, iron, sulfur and potassium.  Particles made up of only calcium, 
sulfur and oxygen were also detected. 
 
Up to 500 hours, 304 stainless steel was highly resistant to corrosion in the superheater 
area.  Metal wastage of SA-210 tested on the 5th floor (oxidizing conditions) of the 
boiler for the three coals was very similar.  Corrosion scales were made up only of iron 
oxide.  Some fly ash particles were also found embedded into the iron oxide layer. 
 
For the low and mid-range chlorine coals iron sulfide was identified in the corrosion 
scales of SA-210 tested on the 2nd floor of the boiler.  A pure iron layer, which is 
believed to be formed by the reaction of the earlier-formed corrosion scale with the 
reducing atmosphere, was also observed.  No iron sulfide was detected in the 
corrosion scales produced by the tests for the high chlorine coal.  The material was 
attacked by melt for some exposures, especially the 150-hour test.  Corrosion behavior 
of the steel tested at this location was complicated by slag deposition and test 
condition fluctuation. 
 
Temperature, alkali metal species, and sulfidation were the three most important 
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factors to cause and/or accelerate metal wastage either under oxidizing or reducing 
conditions inside the PC boiler. 
 
 

DISCLAIMER STATEMENT 
 
This report was prepared by a Western Kentucky University research group with 
support, in part by grants made possible by the Illinois Department of Commerce and 
Economic Opportunity through the Office of Coal Development and the Illinois Clean 
Coal Institute.  Neither Western Kentucky University nor the Illinois Department of 
Commerce and Economic Opportunity, Office of Coal Development, the Illinois 
Clean Coal Institute, nor any person acting on behalf of either: (A) Makes any warrant 
of representation, express or implied, with respect to the accuracy, completeness, or 
usefulness of the information contained in this paper, or that the use of any 
information, apparatus, method, or process disclosed in this paper may not infringe 
privately-owned rights; or (B) Assumes any liabilities with respect to the use of, or for 
damages resulting from the use of, any information, apparatus, method or process 
disclosed in this paper.  Reference herein to any specific commercial product, process, 
or service by trade name, trademark, manufacturer, or otherwise, does not necessarily 
state or reflect those of the Illinois Department of Commerce and Economic 
Opportunity, Office of Coal Development, or the Illinois Clean Coal Institute. 
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 TABLES: 
 
Table 3.1.  Chemical Compositions (% by Weight) of the Coupon Materials. 

 
Sample No. Cr Ni Fe Mn Si Mo C 

SA-213T-22 2.270 8.110 Bal. 0.500 0.440 0.970 0.130 

304SS 18.20 0.180 Bal. 1.810 0.210 0.470 0.070 

SA210 0.140 0.014 Bal. 0.830 0.240 0.020 0.210 

 
 
 
 
Table 3.2.  Analytical Data for Coals Used in the Projects. 
 

Coals Moisture 
%   

Ash 
% 

Volatile 
Matter 

% 

Fixed 
Carbon

% 

S 
% 

Hg  
ppm 

F  
ppm 

Cl  
ppm 

Low Cl Coal 2.76 9.63 35.89 51.72 1.21 0.11 48 908 
Mid-range Cl 3.37 16.78 34.81 45.04 2.04 0.24 - 1536
High Cl Coal 5.75 7.98 36.04 51.31 1.35 0.11 79 3577

 
 
 
 

Table 4.1.  Metal Wastage Summary. 
 

 Time (hrs) 10 30 70 150 500 

SA-213T-22 
High Cl (µm) 18 23 39 75 92 
Low Cl (µm) 13 26 34 44 70 

Mid-range Cl (µm) 7 19 23 25 81 

SA-210, 5th 
floor 

High Cl (µm)     22 
Low Cl (µm) 27 

Mid-range Cl (µm)     24 

SA-210, 2nd 
floor 

Time (hrs) 30 70 150 250 500 
High Cl (µm) 361 639 312 144 98 
Low Cl (µm) 36 79 622 484 575 

Mid-range Cl (µm) 77 206 43 73 127 
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Table 4.2.  Composition of Gases at the Test Ports in the Water Wall Area (2nd Floor) 
and Superheater Area (10th Floor).  
 

Coals Floors O2 
% 

CO
% 

CO2 
% 

NO 
ppm 

NOx 
ppm 

SO2 
ppm 

H2S 
ppm 

HCl 
ppm 

Low Cl 
Coal 2nd  0.58 5.76 11.4 199 209 1175 557 91 

Mid-range 
Cl Coal 2nd  1.30 3.45 12.9 274 288 1509 116 - 

High Cl 
Coal 2nd  0.78 0.82 16.6 255 - 1001 198 - 

Low Cl 
Coal 10th 4.44 - 11.6 229 230 230 - 63 

Mid-range 
Cl Caol 10th 3.30 - 15.4 304 319 1379 - - 

High Cl 
Coal 10th 2.20 68.6 16.7 287 - 885 47 - 

 
 
Table 4.3.  Elemental Compositions of the Deposits Collected from the Superheater 
Heat Exchange Tubes.      
 

Sample ID 
No. 
(by 

weight) 
S  

(%) 
Cl 

(ppm)
Na  
(%) 

K  
 (%) 

Fe 
(%) 

Al 
(%) 

V 
(%) 

Si 
(%) 

Ca 
(%) 

Tube 1 Height 
1830 mm 1 1.56 458 0.26 1.30 30.94 9.04 0.042 8.34 2.01 

Tube 3 Height 
2900 mm 2 1.52 455 0.30 1.03 37.38 8.29 0.030 5.82 1.40 

Tube 14 Height 
2800 mm 4 2.01 456 0.23 0.73 23.58 10.0

5 0.048 16.6
5 4.91 

Tube 26 Height 
1700 mm 5 1.59 442 0.20 0.54 20.46 8.14 0.032 8.12 2.87 

Tube 34 Height 
1810 mm 6 1.67 458 0.21 0.89 30.93 9.92 0.037 5.81 2.93 

Tube 29 Height 
2700 mm 8 2.20 463 0.27 0.75 31.44 8.67 0.039 9.25 2.92 

Tube 8 Height 
2500 mm 3 1.55 429 0.20 0.54 37.41 7.16 0.036 19.2

2 3.82 

Tube 28 Height 
2800 mm 7 1.90 468 0.18 0.62 33.65 8.07 0.046 10.7

6 3.89 

Tube 31 Height 
2300 mm 9 2.31 438 0.23 0.90 34.01 8.07 0.038 11.1

7 3.10 
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Table 4.4.  Compositions of Scales on SA-210 Tested on the 2nd Floor, as Determined 
by SEM/EDS.  
 

Coal 
Scale 
region 

(By Weight) 
30 hrs 70 hrs 150 hrs 250 hrs 500 hrs 

Low Cl Coal 

Average   

O: 13.7 
Fe: 76.5 
Si: 5.9 
Al: 1.3 

Fe: 97.4 Fe: 92.7 
Si: 3.1 

Inner 
O: 15.8 
S: 3.0 
Fe: 76.8 

O: 21.3 
Fe: 72.4 
Si: 3.0 

   

Outer 
S: 49.8 
Fe: 343.5 
Si: 1.4 

O: 29.0 
Fe: 66.1 
Si: 2.1 

   

Mid-range 
Cl Coal 

Average    

O: 12.9 
S: 23.1 
Fe: 57.6 
Si: 3.3 

 

Inner 

O: 19.5 
S: 13.9 
Fe: 56.9 
Si: 4.9 

O: 13.9 
Fe: 80.9 
Si: 2.2 

O: 11.0 
Fe: 73.7 
S: 8.8 
Si: 3.2 

 

O: 14.9 
S: 13.1 
Fe: 67.6 
Si: 1.7 

Outer 
O: 3.9 
S: 39.6 
Fe: 51.5 

O: 19.7 
Fe: 45.7 
Si: 17.6 
Al: 10.7 

 
S: 24.2 
Fe: 70.9 
Si: 1.0 
 

 

O: 1.5 
S: 37.5 
Fe: 51.1 
Si: 3.2 

High Cl 
Coal  

Average 
O: 32.8 
Fe: 42.4 
Si: 20.1 

O: 20.2 
Fe: 54.5 
Si: 15.2 
Al: 3.3 
Ca: 1.1 

O: 23.4 
Fe: 10.2 
Si: 40.5 
Al: 17.3 
K: 3.5 
Ca: 1.6 

O: 18.4 
Fe: 45.4 
Si: 18.8 
Al: 11.8 
Ca: 1.5 

 

Inner     

O: 28.8 
Fe: 66.5 
Si: 1.5 
Al: 1.2 

Outer     

O: 30.2 
S: 1.7 
Fe: 60.6 
Na: 1.0 
Si: 5.6 

 



 
 

 

20

 
 

List of Figures 
Figure 3.1.  Boiler schematic and temperature measurement positions. 
Figure 3.2.  Schematic of coupon installation 
Figure 4.1. Optical microscopic image of SA-213T-22 for metal wastage 
determination (30 hours, high-chlorine coal). 
 
Figure 4.2.  XRD spectrum of SA-213T-22 tested in the superheater area. 
 
Figure 4.3.  SEM images of the cross sections tested for 10 hours: (A) Low-Cl; (B) 
High-Cl; (C) Mid-range Cl. 
 
Figure 4.4.  SEM images of the cross sections tested for 500 hours: A) Low-Cl; (B) 
High-Cl; (C) Mid-range Cl. 
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Figure 3.1  Boiler schematic and temperature measurement positions. 
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Figure 4.1  Optical microscopic image of 
SA-213T-22 for metal wastage 
determination (30 hrs, high-Cl coal). 
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Figure 4.2  XRD spectrum of SA-213T-22 tested in the 
superheater area. 

Figure.3.2  Schematic of coupon 
 installation. 
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Figure.4.3  SEM images of the 
cross sections tested for 10 hrs: A) 
low-Cl coal; B) high-Cl coal; C) 
mid-range Cl coal. 

C: Mid-range Cl Coal 
 

B: High-Cl coal 

A: Low-Cl coal  A: Low-Cl coal

B: High-Cl coal 

C: Mid-range coal 

Figure 4.4  SEM images of the cross 
sections tested for 500 hrs: A) high-
Cl coal; B) low-Cl coal; C) mid-range 
coal. 
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A: 10 hrs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B: 500 hrs 
 
 
 
 
Figure 4.5  Surface morphologies of SA-213T-22 exposed for (A) 10 hrs; (B) 500 hrs. 
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A: Inner layer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B: Outer layer 
     Base phase 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C: Outer layer 
     Embedded 
     particle 
 
 
Figure 4.6  Typical EDS spectra taken for the inner layer (A), the outer layer base phase 
(B) and the outer layer embedded fly ash particle (C) of the SA-213T-22 tested coupon. 
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Figure 4.7  EDS spectrum taken from the Fe-O-S-Si-Al white phase area shown in the 
outer layer of Figure 4.7c (500 hrs, midrange Cl). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.8  Photo of heat exchange tubes from the superheater area of the utility boiler. 
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Figure 4.9  Images of the deposit collected from the superheater tube: (A) inner part; (B) 
outer part showing ash particle area; (C) outer part showing precipitated iron oxide; (D) 
middle part area 1; (E) middle part area 2; (F) outer part showing the Ca-S-O particles. 
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Figure 4.10  Cross sections of SA-210 tested on the second floor with the Galatia coal for: 
A) 30 hrs; (B) 70 hrs; (C) 150 hrs; (D) 150 hrs, inner part enlarged view; (E) 250 hrs; (F) 
500 hrs. 
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Figure 4.11  Iron-sulfur-oxygen phase stability diagram constructed for 370 oC. 
 


