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ABSTRACT

Iron-aluminum-based alloys recently have been considered
as weld overlay coatings for corrosion protection. These
alloys previously have been shown to possess excellent oxi-
dation and sulfidation resistance when exposed to gaseous
environments. Although gaseous corrosion contributes
greatly to the total amount of corrosion that can occur during
exposure, it has been reported that a solid, reactive slag can
accumulate on the boiler tube surface as well. Slag can con-
sist of gaseous corrosion products, unburnt coal particles,
and ash from burnt coal. Therefore, to better represent the
corrosive conditions in the coal-burning furnace, several
Fe-Al-Cr-based alloys were exposed to two reactive gases at
500°C while in contact with reactive pyrite (FeS2) powder.
Two alloys contained Ti additions to determine if these addi-
tions would have any beneficial effect on the corrosion be-
havior of the alloys. Light optical microscopy was used to
observe the scales that formed during exposure. Measure-
ments were made of the substrate corrosion layer thickness
to quantify the extent of corrosion that occurred. Electron
probe microanalysis (EPMA) line scans were used to deter-
mine the corrosion layer compositions on selected alloys.
Critical alloying contents required to prevent significant
substrate corrosion from occurring during the test time were
determined. It was found that 19 at% Al was required to pre-
vent significant substrate corrosion from occurring during
100 h of exposure.
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INTRODUCTION

Traditional high-temperature corrosion testing has
been carried out in simulated corrosive environments
where an alloy is directly exposed to a corrosive gas
at elevated temperatures.1-9 Although these tests are
extremely valuable when determining potential corro-
sion-resistant coatings, it has been shown that
sulfur-rich slag deposits can accumulate on compo-
nents in low NOx furnaces, such as boiler tube walls,
and can accelerate the corrosion rates as well.10

Flame impingement from the burner in a fossil-fired
boiler can increase the amount of ash and unburned
coal reaching the furnace walls, which can accelerate
the waterwall wastage further.11 The accumulation of
these deposits transforms into a layer of slag, which
can contain various reactive species. For example,
slag can contain chlorine and sulfur from the un-
burned coal as well as excess carbon from ash.10 In
contrast, furnaces prior to low NOx retrofitting were
found to have slag accumulations that consisted
mainly of ash deposits and contained little or no
chlorine and sulfur.10

Slag collections from actual boilers have shown
that troilite (FeS) can be found in areas where corro-
sion losses were high.12 FeS can form due to incom-
plete decomposition of pyrite (FeS2) during the
combustion process. FeS2, which is a component of
coal, may not be able to oxidize completely to an iron
oxide, due to a low amount of oxygen in the atmo-
sphere, and instead form FeS.12 In an unpublished
study performed at Lehigh University, it has been
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shown that FeS2 converted to FeS during exposure to
a moderately sulfidizing atmosphere and when ex-
posed to an oxidizing atmosphere, FeS2 oxidized to
form hematite (Fe2O3). Upon combustion, flame im-
pingement possibly could deposit all three of these
compounds: FeS2, FeS, and Fe2O3 on the boiler tube
walls. To make matters worse, the local corrosion en-
vironment around the powder potentially may be
more sulfidizing than the gaseous environment alone
because the FeS2 powder released sulfur into the en-
vironment during the transformations to FeS and
Fe2O3.

Therefore, to better simulate actual burner con-
ditions, a relatively new test combining gaseous and
solid-state corrosion was preformed on several Fe-Al-
based alloys. Fe-Al-based alloys were tested because
they recently have been considered as weld overlay
coatings for the corrosion protection of boiler tubes
in coal burning atmospheres. The corrosion tests in
this study made use of both gaseous and solid-state
corrosion environments. The gas-slag-metal experi-

ments were carried out using FeS2 powder as the
simulated slag and exposures were carried out in two
gaseous corrosive environments: a mixed oxidizing/
sulfidizing atmosphere and an oxidizing atmosphere.
The purpose of this study was to determine alloy
compositions that demonstrated excellent corrosion
resistance in simulated gaseous corrosion environ-
ments while in contact with a reactive slag.

EXPERIMENTAL PROCEDURES

Alloys were cast by arc-melting high-purity com-
ponents under an argon atmosphere and drop cast
into a water-cooled copper mold. Although weld over-
lays were the coatings of interest, cast alloys were
used because it was shown previously that the high-
temperature corrosion behavior of weld claddings
could be explained by using cast alloys of equivalent
composition.13 It has been reported since that the
corrosion behavior between weld overlays and cast
alloys are similar due to the lack of microsegregation
within the welds and both having coarse-grained mi-
crostructures.14 Binary Fe-Al alloys, ternary Fe-Al-Cr
alloys, and quaternary Fe-Al-Cr-Ti alloys that were
used for this study are listed in Table 1. Quartz ring
corrosion experiments were conducted using a high-
temperature horizontal tube furnace. The samples
were ground to 600 grit and cleaned using acetone
(CH3COCH3). The corrosion test setup consisted of a
quartz ring containing FeS2 powder in contact with
the alloy surface. A predetermined amount (1,680 mg)
of FeS2 powder was poured into the quartz ring with-
out being packed, and this setup was placed into the
furnace. A schematic for the gas-slag-metal samples
can be seen in Figure 1. Either the mixed oxidizing/
sulfidizing gas or the oxidizing gas then was intro-
duced into the furnace at a flow rate of 300 mL/min.
The samples were heated at a rate of 50°C/min and
were held at 500°C for 100 h. Water vapor present in
both gases was injected into the furnace at a con-
trolled rate via a capillary tube and a syringe pump.
The components of the mixed oxidizing/sulfidizing
and oxidizing gases used for exposure can be seen in
Table 2. The sulfur and oxygen partial pressures
were calculated using thermodynamic modeling soft-
ware.15 Samples were mounted carefully in cold set-
ting epoxy and their polished cross sections were
observed using light optical microscopy (LOM). LOM
images were taken with a camera integrated with a
light optical microscope and digital imaging system.
The thickness of the internal corrosion products ob-
served in nonprotective alloys were measured using
this digital imaging system and a quantitative image
analysis system. Quantitative chemical analysis data
was obtained using electron probe microanalysis
(EPMA) at 20 keV. A phi(ρz) correction scheme was
used to correct for absorption and fluorescence of
x-rays that occur during EPMA.

TABLE 1
Alloy Compositions Used for Corrosion Testing(A)

Alloy Designation Fe Al Cr Ti

Fe-14.5Al Bal. 14.2 — —
Fe-14.5Al-1Cr Bal. 14.3 1.0 —
Fe-14.5Al-2Cr Bal. 14.5 2.1 —
Fe-14.5Al-5Cr Bal. 14.8 5.0 —
Fe-14.5Al-2Cr-1.5Ti Bal. 14.9 2.2 1.8

Fe-19Al Bal. 18.8 — —
Fe-19Al-1Cr Bal. 18.8 1.0 —
Fe-19Al-2Cr Bal. 19.0 2.1 —
Fe-19Al-5Cr Bal. 19.9 5.0 —
Fe-19Al-2Cr-1.5Ti Bal. 19.2 2.1 1.7

(A) All values are in at%.

FIGURE 1. Schematic diagram of the gas-slag-metal experimental
setup.
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RESULTS AND DISCUSSION

Mixed Oxidizing/Sulfidizing Environment
Polished cross sections of alloys containing

14.5 at% Al (all values reported in at%) exposed to
the mixed oxidizing/sulfidizing gas can be seen in
Figure 2. It can be seen from this figure that alloys
containing 14.5% Al and <2% Cr all formed signifi-
cant substrate and external corrosion scales after
100 h of exposure. The substrate corrosion products
formed on these alloys were uniform and appeared to
be made up of multiple corrosion layers. Fe-14.5Al-
5Cr formed a significant substrate scale, similar to
the aforementioned alloys, but formed a very thin ex-
ternal corrosion layer. All alloys containing 19% Al
tested in the mixed oxidizing/sulfidizing environment
showed no signs of corrosion after 100 h of exposure
(Figure 3[b]).

The external corrosion layers formed on the
14.5% Al alloys were fairly nonuniform and appeared
to be several microns thick. These external corrosion
layers on these alloys looked identical to the powder
imbedded in the epoxy above. It has been determined
previously at Lehigh University that FeS2 powder will
convert to FeS during exposure to the mixed oxidiz-
ing/sulfidizing gas. The powder imbedded into the
epoxy was identified as FeS based on previous re-
ports and EDS analysis. Because both the morphol-
ogy and contrast between the external scale and the
powder appeared to be identical, the external scale
adjacent to the metal surface was most likely FeS. It
is safe to say that this layer is an external corrosion
product and not powder on the metal surface be-
cause of the following:

—the external corrosion product was uniformly
present across the exposed surface, and

—the external layer was not present on samples
that were protective during 100 h of exposure
(Figure 3).

Thickness measurements were taken of the sub-
strate corrosion scales present on the alloys contain-
ing 14.5% Al to determine if chromium or titanium
additions had any significant effect on the corrosion
behavior of these alloys. The thickness measure-
ments are shown in Table 3. As can be seen from
this table, some measured improvement to the sub-
strate scale thickness was made only when 5% Cr
was added. Although no measurements were made
of the external corrosion product thickness, similar
results were observed. Referring back to Figure 2, it
can be seen qualitatively that chromium additions of
1% to 2% may have made a slight improvement on
the external corrosion layer thickness of the 14.5% Al
alloys, but significant improvement occurred only
when 5% Cr was added. Titanium did not seem to
make any improvement on the corrosion behavior of
these alloys. Unfortunately, as a result of problems
with surface roughness within the substrate scale

area on samples exposed to the mixed oxidizing/
sulfidizing atmosphere, quantitative analysis could
not be performed to help identify the phases that
formed.

Oxidizing Environment
Polished cross sections of alloys containing

14.5% Al exposed to the oxidizing gas (Figure 4)
showed that all of these alloys developed thick exter-
nal corrosion layers (at least 100 µm thick) as well
as uniform substrate corrosion scales. The external
corrosion scales seemed to consist of two distinct lay-
ers. The external layer directly adjacent to the metal
substrate was observed to contain a large amount of
porosity while the outer layer of the external scale
was a thick, solid layer that contained very little po-
rosity. The substrate corrosion products observed
on these alloys seemed to consist of multiple layers,
and cracks (arrows) could be seen to run through the
substrate corrosion products perpendicular to the
substrate/external corrosion scale interface. Some
samples, namely Fe-14.5Al and Fe-14.5Al-2Cr-1.5Ti,
showed cracks that penetrated into the base metal as
well. Corrosion products were observed within some
of these cracks (see box in Figure 4[e]). This would
indicate that the cracks formed sometime during ex-
posure where corrosive species could penetrate into
the substrate. Penetrative cracks such as these can
act as fast pathways for corrosion to take place and
therefore are very detrimental to the corrosion resis-
tance of the alloy. The only alloy containing 14.5% Al
that did not show significant cracking of the internal
scale was Fe-14.5Al-5Cr, which contained the small-
est substrate corrosion layer, and could indicate that
the perpendicular cracks observed in these samples
are related to the thickness of the substrate corro-
sion scales.

Thickness measurements again were taken of
the inward growing substrate corrosion scales
formed on these alloys to determine if the alloying
additions had any significant effect on the corrosion
behavior. The substrate corrosion scale thickness

TABLE 2
Gas Compositions Used for Corrosion Testing (vol%)

Gas Mixed Oxidizing/ Oxidizing
Component Sulfidizing Gas Gas

O2 — 2
CO 10 —
CO2 5 15
H2 — —
H2O 2 6
H2S 0.12 —
SO2 — 0.12
N2 Bal. Bal.

Log PO2 –19 –2
Log PS2 –8 –46
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(a) (b)

(c) (d)

(e)

FIGURE 2. Samples containing 14.5 at% Al exposed to FeS2 powder and the mixed oxidizing/sulfidizing environment at
500°C for 100 h: (a) Fe-14.5Al, (b) Fe-14.5Al-1Cr, (c) Fe-14.5Al-2Cr, (d) Fe-14.5Al-5Cr, (e) Fe-14.5Al-2Cr-1.5Ti.

measurements for these alloys exposed to the oxidiz-
ing gas can be seen in Table 4. Similar to the mixed
oxidizing/sulfidizing gas results, there was no signifi-
cant effect of chromium on the substrate scale thick-
ness until 5% Cr was added. It also was observed
that cracking of the substrate corrosion scale oc-
curred in all samples containing thickness layers in
excess of approximately 45 µm. The external corro-

sion layer thickness seemed to qualitatively decrease
slightly with the addition of chromium, but the
scale/slag interface was not flat enough to obtain rel-
evant thickness data. Again, the addition of titanium
to Fe-14.5Al-2Cr did not have any beneficial effect on
the corrosion resistance of this alloy.

Similar to alloys exposed to the mixed oxidizing/
sulfidizing gas, all alloys containing 19 at% Al ex-
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posed to the oxidizing gas (Figure 5) formed neither a
significant substrate nor external corrosion product
during 100 h of exposure. From these results, it can
be seen that 19% Al is required to prevent significant
corrosion from taking place in both the mixed oxidiz-
ing/sulfidizing and oxidizing environments when al-
loys are in contact with FeS2. The additions of <5% Cr
had little effect on the corrosion behavior of alloys
containing 14.5% Al, but adding 5% Cr helped to de-
crease the amount of corrosion that occurred on
these alloys. Titanium additions again had no signifi-
cant effect on the corrosion behavior of any of the
alloys in either environment.

To better understand the types of reactions that
took place during the gas-slag-metal experiments,
the substrate corrosion scales that formed during
exposures to the oxidizing environment were consid-
ered in greater detail by obtaining quantitative com-
positional data on the individual internal corrosion
layers. Quantitative compositional data was obtained
for two samples exposed to the oxidizing environ-
ment, Fe-14.5Al and Fe-14.5Al-2Cr, by using elec-
tron microprobe analysis (EPMA). The points of
analysis were selected in an attempt to obtain data
for the individual corrosion products that comprised
the entire substrate corrosion layer.

A representative compositional trace, taken for
Fe-14.5Al exposed to the oxidizing environment, can
be seen in Figure 6. It can be seen in detail from Fig-
ure 6(a) that the substrate corrosion product actually
consisted of individual layers. From the layers it was
observed that there were two distinct regions in the
substrate corrosion scale. A lighter corrosion region
could be seen adjacent to the base metal and a
darker region could be seen toward the alloy surface.

From the compositional data it could be seen that
the substrate scale formed on Fe-14.5Al was rich in
iron, aluminum, oxygen, and sulfur. The oxygen con-
centration was slightly greater in the lighter scale
region than in the darker scale region, while sulfur
was greater in the darker region than the lighter
scale region. The aluminum content also was greater
in the darker scale region than the lighter region.
Similar results were found for the Fe-14.5Al-2Cr
sample exposed to the oxidizing atmosphere. A repre-
sentative EPMA line trace that was conducted on the
Fe-14.5Al-2Cr sample exposed to the oxidizing envi-
ronment can be seen in Figure 7. Note that the dark
region cutting across the substrate corrosion scale is
a crack due to metallographic preparation. Again, it
can be seen that the substrate corrosion layer was
made up of individual corrosion layers while having a
lighter scale region at the scale/substrate interface
and a darker region closer to the alloy surface. The
substrate scale that formed on the Fe-14.5Al-2Cr
sample exposed to the oxidizing environment was
rich in iron, aluminum, chromium, oxygen, and sul-

(a) (b)

TABLE 3
Substrate Corrosion Scale Thickness
for Samples Exposed to FeS2 Powder

and the Mixed Oxidizing/Sulfidizing Environment

Thickness Standard
Alloy (µm) Deviation

Fe-14.5Al 30.5 2.1
Fe-14.5Al-1Cr 19.7 4.3
Fe-14.5Al-2Cr 26.3 2.8
Fe-14.5Al-5Cr 11.3 1.8
Fe-14.5Al-2Cr-1.5Ti 28.6 2.2

FIGURE 3. Comparison between typical nonprotective and protective samples after exposure to FeS2 powder and the
mixed oxidizing/sulfidizing environment at 500°C for 100 h. (a) Samples containing 14.5% Al (Fe-14.5Al) formed both
external and substrate corrosion scales (b) while protective samples containing 19% Al (Fe-19Al) did not form any corrosion
products.
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fur. The EPMA trace showed that the oxygen concen-
tration was slightly greater in the lighter scale region
than in the darker region.

It was observed by close examination of Figures
6 and 7 that there was a slight depletion in alumi-
num in the region adjacent to the substrate corrosion

product. The nominal aluminum concentration of
the alloy was approximately 14.5% Al, but the alumi-
num concentration adjacent to the substrate corro-
sion product was approximately 10% Al for both
alloys. This depleted region may be due to the forma-
tion of aluminum-rich compounds in the substrate

FIGURE 4. Samples containing 14.5 at% Al in contact with FeS2 powder and exposed to the oxidizing environment at
500°C for 100 h. The arrows indicate cracks running perpendicular to the substrate/external corrosion scale interface.
Note the corrosion product that formed within the penetrating crack in the Fe-14.5Al-2Cr-1.5Ti sample. (a) Fe-14.5Al,
(b) Fe-14.5Al-1Cr, (c) Fe-14.5Al-2Cr, (d) Fe-14.5Al-5Cr, (e) Fe-14.5Al-2Cr-1.5Ti.

(a) (b)

(c) (d)

(e)
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the inward growing substrate corrosion layers to
form.

Therefore, from these substrate corrosion mea-
surements, it was found that alloys containing
19% Al were required to prevent substrate corrosion
from occurring during 100 h of exposure. These re-
sults are in good agreement with gaseous corrosion
results that showed that 19% Al was required to sup-
press the formation of nodules and rapid corrosion
rates.1-2 Chromium additions seemed to help improve
the corrosion resistance of the iron-aluminum alloys.
Additions of chromium to alloys containing 14.5% Al
helped improve the corrosion resistance of these al-
loys. Specifically, 5% Cr seemed to have the most
significant effect on the amount of corrosion that
occurred during 100 h of exposure. Chromium addi-
tions did not have much of an effect on the corrosion
behavior of alloys containing 19% Al, due to the fact
that the binary Fe-19Al alloy was protective in both
environments. Titanium additions seemed to have
no significant effect on the corrosion behavior of
Fe-Al-Cr alloys.

TABLE 4
Substrate Corrosion Scale Thickness for Samples

Exposed to FeS2 Powder and the Oxidizing Environment

Thickness Standard
Alloy (µm) Deviation

Fe-14.5Al 103.1 12.5
Fe-14.5Al-1Cr 69.2 2.0
Fe-14.5Al-2Cr 91.3 1.6
Fe-14.5Al-5Cr 43.3 2.0
Fe-14.5Al-2Cr-1.5Ti 88.4 19.3

FIGURE 5. Comparison of typical nonprotective and protective samples exposed to FeS2 powder and the oxidizing
environment at 500°C for 100 h. (a) Samples containing 14.5% Al (Fe-14.5Al-2Cr) were observed to form both external
and substrate corrosion scales and (b) protective samples containing 19% Al (Fe-19Al-2Cr) formed no corrosion products
during exposure.

(a) (b)

corrosion layers. Aluminum and chromium levels
also seemed to increase from the base metal toward
the alloy surface in both alloys. This indicates that
the alloying elements diffused outward from the
alloy to form the external and substrate corrosion
products.

As previously mentioned, iron-aluminum alloys
have been shown to be protective only when the
aluminum content of the alloy is above a critical
amount.1-2,16-20 The critical aluminum content re-
quired for corrosion protection varies depending on
the corrosion environment, temperature, and other
elements present in the alloy.1-2,16 For example, au-
thors have reported that in oxidizing environments
within the range of 600°C to 800°C, critical alumi-
num concentrations range from 14.5% Al to 22% Al
(7.5 wt% to 12 wt%), depending on the testing tem-
perature.19-22 It also has been reported that in mixed
oxidizing/sulfidizing environments that >21% Al was
required for protection in isothermal testing condi-
tions, but >25% Al was needed for protection in ther-
mal cycling conditions.23-24 Although these critical
aluminum concentrations have been reported for a
variety of environments, they may not apply to the
present study because the previously mentioned
studies were conducted at temperatures >500°C and
the alloys were not exposed to FeS2 powder. However,
even if the aluminum content of the alloy is above
the critical content needed for protection, outward
diffusion of oxidizing elements can be problematic
when the alloy becomes depleted of aluminum and
chromium below the corrosion scale. When the Al
and Cr compositions drop below the critical values,
corrosion products can form into the alloy causing
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CONCLUSIONS

❖ Ten Fe-Al-based alloys were exposed to two corro-
sive environments while in contact with FeS2 powder
at 500°C for 100 h.
❖ In the mixed oxidizing/sulfidizing environment,
alloys containing Al concentrations of only 14.5 at%
were not protective, regardless of Cr and Ti additions.
These alloys all formed substrate corrosion layers,
which were approximately 20 µm to 30 µm thick,
along with significant external corrosion layers.
❖ In the oxidizing environment, it was found that
alloys containing 14.5 at% Al again were not protec-
tive and formed both internal and external growing
corrosion products. The substrate corrosion layer
showed cracks that protruded into the base metal as
well. Additions of 5 at% Cr helped to slightly reduce
the amount of corrosion that occurred during 100 h
of exposure.

❖ Alloys containing 19 at% Al performed well in the
mixed oxidizing/sulfidizing environment, as they
formed no significant corrosion products. Increasing
the aluminum concentration to 19 at% also improved
the corrosion resistance in the oxidizing environment
dramatically. It therefore was concluded that 19 at%
Al was required for protection from substrate corro-
sion in both environments during 100 h of exposure
at 500°C.
❖ EPMA results on samples exposed to the oxidizing
environment showed that the substrate corrosion
scale that formed on gas-slag-metal samples con-
sisted of various layers that varied slightly in compo-
sition. A region adjacent to the substrate corrosion
scale was slightly depleted in aluminum and these
levels increased within the scale toward the surface
of the alloy. This indicated that the alloying elements
diffused outward from the sample to form both exter-
nal and substrate corrosion scales.

(a)

(b)

FIGURE 6. Typical EPMA trace across the substrate corrosion scale
for Fe-14.5Al exposed to the oxidizing environment while in contact
with the FeS2 powder (see box in Figure 4[a]).

FIGURE 7. Typical EPMA trace across the substrate corrosion scale
for Fe-14.5Al-2Cr exposed to the oxidizing environment while in
contact with the FeS2 powder (Figure 4[c]).

(a)

(b)



CORROSION ENGINEERING SECTION

CORROSION—Vol. 60, No. 5 509

ACKNOWLEDGMENTS

This research was sponsored by the Fossil En-
ergy Advanced Research and Technology Develop-
ment (AR&TD) Materials Program, U.S. Department
of Energy, under contract DE-AC05-96OR22464 with
U.T. Battelle. The authors acknowledge V.K. Sikka,
P.F. Tortorelli, and B.A. Pint from ORNL for the cast
alloys used in corrosion testing and American Miner-
als for supplying the FeS2 powder.

REFERENCES

1. J.R. Regina, J.N. DuPont, A.R. Marder, “Gaseous Corrosion
Resistance of Fe-Al Based Alloys Containing Cr and Ti Addi-
tions. Part I—Kinetic Results,” Mater. Sci. Eng. A, Struct.
Mater., Prop. Microstruct. Process. (2003), submitted for publi-
cation.

2. J.R. Regina, J.N. DuPont, A.R. Marder, “Gaseous Corrosion
Resistance of Fe-Al Based Alloys Containing Cr and Ti Addi-
tions. Part II—Scale Morphology,” Mater. Sci. Eng. A, Struct.
Mater., Prop. Microstruct. Process. (2003), submitted for publi-
cation.

3. P.F. Tortorelli, J.H. DeVan, “Compositional Influences on the
High-Temperature Corrosion Resistance of Iron Aluminides,” in
Process., Prop. Appl. Iron Aluminides, ed. J.H. Schneibel, M.A.
Crimp (Warrendale, PA: The Minerals, Metals, and Materials
Society [TMS], 1994), p. 257-270.

4. J.H. DeVan, “Oxidation Behavior of Iron-Aluminum (Fe3Al) and
Derivative Alloys,” Proc. Oxid. High-Temp. Intermet. (Warrendale,
PA: TMS, 1988), p. 107-115.

5. B.A. Pint, K.B. Alexander, P.F. Tortorelli, Mater. Res. Soc.
Symp. Proc. 364 (1995): p. 1,315-1,320.

6. S.W. Banovic, J.N. DuPont, A.R. Marder, “Development of High-
Temperature Sulfidation-Resistant Fe-Al Weld Overlay Coat-
ings,” Proc. Elevated Temp. Coat.: Sci. Technol. III (Warrendale,
PA: TMS, 1999), p. 317-328.

7. J.H. DeVan, P.F. Tortorelli, Mater. High Temp. 11 (1993), p. 30-
35.

8. S.W. Banovic, J.N. DuPont, A.R. Marder, Scr. Mater. 38 (1998):
p. 1,763-1,767.

9. W. Kai, J.P. Chu, R.T. Huang, P.Y. Lee, Mater. Sci. Eng. A,
Struct. Mater., Prop. Microstruct. Process. A239-240 (1997): p.
859-870.

10. F. Clarke, C.W. Morris, “Combustion Aspects of Furnace Wall
Corrosion,” Proc. Corros. Resist. Mater. Coal Convers. Syst.
(Essex, England: Applied Science Publishers, 1983), p. 47-61.

11. P.L. Daniel, S.F. Chou, L.W. Rodgers, P.S. Ayres, Jr., “Fireside
Corrosion in Low-Nitrogen Oxide Combustion Systems,” Inter-
nal Report: Electr. Power Res. Inst. (Palo Alto, CA: EPRI, 1989),
p. 121.

12. W.T. Bakker, J. Stringer, Mater. High Temp. 14 (1997): p. 101-
108.

13. P.F. Tortorelli, G.M. Goodwin, M. Howell, J.H. DeVan. “Weld-
Overlay Iron-Aluminide Coating for Use in High-Temperature
Oxidizing/Sulfidizing Environments,” Proc. Int. Heat-Resist.
Mater. II, eds. K. Natesan, G. Krishnamurti, G.Y. Lai (Materials
Park, OH: ASM International, 1995), p. 585-590.

14. S.W. Banovic, J.N. DuPont, P.F. Tortorelli, A.R. Marder, Weld. J.
78 (1999): p. 23s-30s.

15. HSC, HSC Chemistry for Windows, v. 4.0 (Oy, Finland:
Outokupmu Research, 1997).

16. P.F. Tortorelli, K. Natesan, Mater. Sci. Eng. A, Struct. Mater.,
Prop. Microstruct. Process. A258 (1998): p. 115-125.

17. P. Tomaszewicz, G.R. Wallwork, Oxid. Met. 20 (1983): p. 75-109.
18. P. Tomaszewicz, G.R. Wallwork, Rev. High-Temp. Mater. 4

(1978): p. 75-105.
19. W.E. Boggs, J. Electrochem. Soc. 118 (1971): p. 906-913.
20. G.R. Wallwork, M.B. McGirr, Stress Effects and the Oxidation of

Metals (New York, NY: Metal Society of the American Institute of
Mining, Metallurgical, and Petroleum Engineers, 1975), p. 263.

21. P. Tomaszewicz, G.R. Wallwork, Oxid. Met. 19 (1983): p. 165-185.
22. W.C. Hagel, Corrosion 21 (1965): p. 316-26.
23. P.F. Tortorelli, B.A. Pint, I.G. Wright, “High-Temperature Corro-

sion Behavior of Coatings and ODS (Oxide-Dispersion-Strength-
ened) Alloys Based on Fe3Al,” Oak Ridge National Laboratory
(ORNL) Report (Oak Ridge, TN: ORNL, 1996), p. 393-403.

24. K. Natesan, P.F. Tortorelli, “High-Temperature Corrosion and
Applications of Nickel and Iron Aluminides in Coal-Conversion
Power Systems,” Proc. Intl. Symp. on Nickel and Iron
Aluminides (Materials Park, OH: ASM International, 1996), p.
265-280.

REPRINTS ARE A GREAT INVESTMENT!
✜ Increase your company’s exposure at trade shows and conferences

✜ Promote your company’s products and services

✜ Generate sales through direct mail campaigns and sales calls

✜ Promote your professional image as an industry expert

✜ Educate employees and colleagues on the latest industry trends and technology

✜ And much more!

Professionally printed reprints and photocopied reprints are available of all CORROSION ads, articles, and
covers. Reprints can be customized with your company’s logo, additional product information, or the magazine
cover—with no limits on creativity!

Order your reprints today, it simply makes good business sense!

For reprint information and rates, call 281/228-6219. CORROSION
THE JOURNAL OF SCIENCE AND ENGINEERING

Need reprints of CORROSION ads,
articles, or covers?


	NACE Home Page
	FAQs
	Search Site
	Search Document
	2004
	May 2004
	Cover - Vol. 60 No. 5
	Ad - IFC
	Contents Page
	Masthead
	Editorial
	Call for Papers
	Research Calendar
	MP Abstracts
	Review
	Classified Ad
	Submission - IBC
	Back Cover

	Return to CJ Online



