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Section 1

INTRODUCTION

Attack of fireside surfaces by ash deposits has been a concern of boiler
manufacturers and operators for many years. Widespread coal-ash corrosion prob-
lems in superheater and reheater tubes in large central-station boilers began
after the introduction of higher steam temperatures in the 1940s. From the 1950s
to the present, boiler manufacturers and operators have reduced corrosion rates
to an acceptable level by keeping steam temperatures below 1050°F (565°C) or by
burning coal blends with Tow sulfur and alkali contents [1].

In recent years concern for increased thermal efficiency in power generation
has brought renewed interest in raising steam temperatures to the ultra-
supercritical regime. New supercritical boiler designs could push steam tempera-
tures as high as 1200°F (650°C) [2]. Low-sulfur low-alkali coals have become
scarcer and more expensive; the ability to burn poor-quality coal would Tower
fuel costs and stretch energy supplies. Many stations will be forced by economic
necessity to burn a variety of coals.

This report* updates and supplements the literature reviews "Corrosion
Problems in Coal Fired Boiler Superheater and Reheater Tubes" [3] and "Fireside
Corrosion of Superheater Alloys for Advanced Cycle Steam Plants" [4]. It also
summarizes the progress made during the decade since Rehn’s original literature
review (1979-1989) toward understanding the mechanisms of coal-ash corrosion and
the advances made in combatting this corrosion problem. The corrosion of concern
in this report is coal-ash attack of superheater and reheater tubes caused by
alkali-iron trisulfates in the temperature range between 1100 and 1400°F (593 and
760°C) [3]. This type of attack is distinct from both the lower-temperature
pyrosulfate-induced corrosion and high-temperature [>1500°F (815°C)] gaseous
attack, as shown in Figure 1 [5]. High-temperature attack in gas turbines,
corrosion problems in 0il-fired boilers, and corrosion in coal-conversion systems
are not included.
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Figure 1 Corrosion From Alkali-Sulfur Compounds

*References are listed in Section 6.
tResearch sponsored by the U.S. Department of Energy, Fossil Energy AR&TD
Materials Program, DOE FEAA1510100, Work Breakdown Structure Element FW-2.
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Section 2

PLANT EXPERIENCE/IN-SITU TEST PROBE

Corrosion of pulverized-coal-fired boilers in the United Kingdom has been
reviewed by Meadowcroft [6] and by Flatley and Morris [7]. The coals have high
chloride and moderate sulfur contents; fireside metal temperatures range up to
1220°F (660°C). Final superheater and reheater tubes are manufactured from
austenitic stainless steels, commonly Types 304, 316, 321, and 347, and
Esshete 1250. No significant differences in corrosion rates have been found
between these steels when the station burns low-alkali-containing coals. In
stations burning high-alkali-containing coals, coextruded tubes of either
Type 310/Esshete 1250 or IN 671/Incoloy 800 have been found to have corrosion
rates one-third and one-tenth of Type 316 respectively.

Latham, Flatley, and Morris surveyed the corrosion resistance of superheater
materials using both air-cooled probes and tubes placed in situ into superheater
pendants [8]. Fireside metal temperatures ranged between 1112 and 1292°F (600
and 700°C), with flue gas temperatures between 1652 and 2192°F (900 and 1200°C).
Corrosion rates of steels in superheaters burning coals with varying chlorine
contents are listed in Table 1. Both probe trials and in-situ trials ranked the
alloys in the same order for corrosion resistance. Alloys showed a decreasing
corrosion rates in this order:

IN671 < Type 310 < Type 347 < Type 316 < Esshete 1250

Table 1 Relationship of Corrosion Rates to Chlorine Content

Corrosion Rate
Hours in Service
Description (x_1000) mils/yr nm/h

0.15% Chlorine Coal:

Type 347 29.0 15 50
Type 310/Esshete 1250 29.0 1.7 6
0.30% Chlorine Coal:

Type 316 29 100
Type 310/Esshete 1250 29.0 16 55

0.45% Chlorine Coal:

Esshete 1250 6.0 58 200
Type 316 15.4 46 160
Type 347 15.4 58 200
Type 310/Esshete 1250 18.0 17 60
Inconel 671/Incoloy 800 34.0 negligible




The chloride content of the coal influenced the aggressiveness of the attack.
Coal containing 0.15 percent chlorine produced a 1.7-mils/yr (6-nm/h) corrosion
rate on IN671, while 0.30 percent and 0.45 percent chlorine coals produced a
17 mils/yr (60 nm/h) corrosion rate on the same alloy. Chlorine has been impli-
c#te? as a factor in scale cracking and is known to promote the release of
alkalies.

Balting, et al., reviewed the performance of IN671/IN800 coextruded
tubes [3]. After 1 year of service, these tubes suffered 1 mil/yr (3.4 nm/h)
corrosion loss. Surrounding tubes constructed of a 12%Cr-1%Mo-0.3%V steel
corroded at 30 mils/yr (102 nm/h).

Meadowcroft mentions in his review of coal-fired boiler practice in the
United Kingdom that 50%Cr-50%Ni/IN800 composite tubes suffered negligible corro-
sion rates in superheaters [10]. These tubes were produced using powder metal-
Turgy. In a related article, Chandler and Quigley state that plasma-sprayed
50%Cr-50%Ni has been undergoing tests in boilers and shows no corrosion losses
or spalling [11]. An FeCrAl alloy, also tested as a plasma spray coating, showed
little corrosion.

Additives to the coal feed to reduce corrosion and sulfur-trioxide levels
in coal-fired boilers have met with Timited success. Locklin, et al., reviewed
additive trials by utilities [12]. Magnesia was added to coal at up to 1200 ppm.
With the additive, SO; levels were reduced and convective surfaces seemed
cleaner. However, the cost and handling of additives have prohibited their use
by utilities.

Chromized 17-14 CuMo tubing and Type 310 clad 17-14 CuMo tubing were in-
vestigated by DeLong, et al., as an alternative for bare 17-14 CuMo tubing in the
superheater section of Eddystone Unit 1 [13]. Stress levels in the superheater
and restrictions on the tubewall thickness mandated the use of 17-14 CuMo tubing
or an alloy with the same strength. The wastage rates of bare 17-14 CuMo as a
result of coal-ash corrosion were unacceptably high. To mitigate the corrosion
wastage rate while retaining the desirable properties of 17-14 CuMo, a clad layer
of Type 310 stainless steel and a chromized layer were selected. Sections of the
coated tubes were mounted in the superheater beside tubes of bare 17-14 CuMo; the
superheaters operated at approximately 4800 psi (33.09 MPa) and 1178°F (637°C).
Tube wastage was determined by measurements of wall thickness and outside diame-
ter (0.D.) taken before and after service. After 5383 hours, the bare 17-14 CuMo
tubing showed a wall thickness wastage of 13 mils (330 um), while neither the
chromized or clad tubing showed any measurable wastage. Macroscopic and micro-
scopic examination of the tubes revealed a pock-marked surface on the bare tubes,
while a smooth surface was found on both the chromized and clad tubes. Scale
thickness on the bare tubes, the clad tubes, and the chromized tubes was 5.0 to
7.0, 0.4 to 0.8, and 0.4 mils (127 to 178, 0.254 to 0.005, and 0.254 um) respec-
tively.

Laboratory studies of alkali-iron-trisulfate attack have been undertaken by
numerous researchers, among them Rehn [14] and Wolowodiuk, et al. [15] (also
discussed in Section 4). Corrosion probes have been installed in utilities
around the United States to compare the corrosion rates found in the laboratory
tests with actual industrial conditions. Blough has compiled preliminary data
from air-cooled retractable corrosion probes at two utility boilers (Gulf Power’s



Crist Unit 6 and TVA’s Gallatin Unit 2) [16,17]. Alloys tested in the furnace
probes are listed in Table 2.

Rings of the test alloys were assembled into a pipe that was placed over a
tapered core designed to produce an isothermal temperature. The air-cooled
probes are being operated to keep the temperature of all test rings at approxi-
mately 1275°F (691°C). At each utility the wall thickness of the probes is being
examined ultrasonically every 2000 hours. Detailed coal analysis is also provid-
ing corrosion model information of the coal quality variables affecting coal-ash
corrosion. After 4000 hours, two of the probes from each utility were destruc-
tively examined. Further exposure of probes in each utility will extend to
16,000 hours. Table 3 lists preliminary destructive wall thickness data taken
from the 4000-haour probes; the final Electric Power Research Institute report is
slated to be released in 1991.

Table 2 Alloys Currently Being Tested in Corrosion Probes in Utility
Boilers
Cr* Ni*
Alloy (wt%) (wt%) Others* (wt%)

Type 347 17-19 9-13 Cb + Ta 10 x C min.

17-14 CuMo 15.5 14 3.0 Cu, 2.4 Mo

Type 310 Nb 24-26 19-22 ---

253 MA 20-22 10-12 1.4-2.0 Si, 0.03-0.08 Ce

FW-4C 20 18 2.4 Si, 2.2 Mn, 2.0 Al
Chromized T-91 (C-E) 8-9.5 --- 0.05-1.05 Mo, Chromized Surface
800 HT 19-23 30-35 0.85-1.2 Al + Ti

Tempaloy CR30A 30 55 15 Fe

*Typical analyses for these alloys. All are iron-based alloys ex-

cept the Tempaloy CR30A, which is a nickel-based alloy.




Table 3 Preliminary Data From Destructive Examinations of Corrosion
Probes After 4000 Hours [Metal Temperature 1202°F (650°C)]

Gulf Power--Crist Unit 6 TVA--Gallatin Unit 2

Material {mil/um) (mil/um)

CR30A 1-2 / 25-50 1-2 / 25-50

Type 310 1-2 / 25-50 1-2 / 25-50

T-91 Chromized 1-2 (26)*/ 25-50 (660) 2-3 / 50-76

Alloy 800 2-5 / 50-127 2-4 (11) / 50-102 (279)
253MA 3-6 (9) / 76-152 (229) 2-3 / 25-76

Type 347 6-9 (14) / 152-229 (356) 2-4 (6) / 50-102 (152)
Fw-4C 6-9 / 152-229 2-3 / 25-76

17-14 CuMo 11-33 / 279-838 10 (24) / 254 (610)

*Numbers in parentheses are lTocalized pitting depths.




Section 3

ADVANCES IN UNDERSTANDING OF TRISULFATE ATTACK

Research into molten alkali-iron trisulfate attack in coal combustion atmo-
spheres has been primarily concerned with understanding the effects of various
elements on the corrosion resistance of an alloy. The basic mechanisms of attack
were well researched in the 1960s and 1970s [18-21]; little research has been
directed toward this area in recent years.

Hendry and Lees investigated
the properties of alkali-iron
trisulfate mixtures and the cor-
rosion behavior of several aus-
tenitic steels [22]. With binary
diagrams of Na,SO,-K,SO,, K,SO,-
Fe,(S0,)s, Na,Sb,-Fe,(S0;)5, - and
K3Ee(56433-Nasfe(§04)3 systems as
a starting point, a ternary phase
diagram was estimated (Figure 2).
The Towest melting-point composi-
tion was reasoned to be between
the two eutectics, on a line run-
ning between Fe,(SO,); and the NaFets0,), *

ﬁa §b

minimum of the -K,S0, bi-
nary. To verify ihis supposi-
tion, the melting points of a ,ng"

series of compositions along o
lines a/a’ and b/b’ in Figure 2
were determined. A minimum melt-
ing temperature occurred at 986°F Figure 2 Composition Drawing of Ternary
(530°C) at' 14 mol% Fe,(SO,)s. System Na,S0,-K,S0,-Fe;(S0,); [21]
Compositions between approxi-

mately 6 and 30 mol% Fe,(SO,)

were molten below 1022°F (%50°ci.

A 74 mol% Na,SO, + 20 mol% K,SO, + 6 mol% Fe,(SO,); composition was selected
for detailed analysis. An endothermic reaction and weight loss were observed at
1292°F (700°C) [68°F (20°C)] under a calculated partial 0.011 psi (76.9 Pa) SOy
pressure (gas composition 83.7%N, + 15%C0, + 1%0, + 0.3%S0,). This change was
likely due to decomposition of (Na,K)Fe (%04)3 into Fe,0; and alkali sulfates.
Decomposition temperature is determined %y the equilibrium of Eq. (1) and thus
by the partial pressure of SO;. "

Fe,05 + 350, = Fe,(S0,); (1)

The range for 1iquid alkali-iron trisulfates would then be between approximately
1022°F (550°C), where the 1iquid phase forms, and 1292°F (700°C), where the iron-
sulfate solution decomposes.



Weight-gain experiments were
conducted on three alloys commonly
used in superheaters: Type 316,
Type 347, and Esshete 1250. Mea-
surements were taken of weight gain
with time on the samples covered
with a ternary iron, sodium, potas-
sium sulfate and exposed to the syn-
thetic combustion gases previously
examined. Figure 3 shows weight
gain curves after normalization and
adjustments for the volatilization
of alkali sulfates. On the basis of
these experiments, the corrosion
rates for the alloys tested decrease
as follows:

Type 347 < Esshete 1250 < Type 316.

From the vresults of these
laboratory trials and data gathered
from corrosion probes in actual
boilers, a quantitative theory has

NSI Y6
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Figure 3 Normalized Weight Gain Curves
for Oxidation of Steels in Molten Sulfate
Corrected for Volatilization of Alkali
Sulfates [22]

been developed to explain the dependence of corrosion rate on temperature. A
molten sulfate layer has long been known to be the basis for enhanced attack in
moderate-temperature salt-induced hot corrosion [1100 to 1400°F (593 to 760°C)].
The thickness of this layer is determined by the temperature of the tube surface
at the inner boundary of the sulfate layer, the decomposition temperature of iron
sulfate at the outer boundary of the sulfate layer, and the temperature gradient
across the molten sulfates. The thickness of this layer can be determined by

) X oxice(9/A)
/(5042 J'Eeconposition - [_ox_lk__ * Tetal (2)
_ oxide

Eq. (2).
X .. =
e (a/4)
where:
Xneit = Thickness of molten sulfate layer
Xoxige = Thickness of metal oxide layer .
Tgecomposition = Decomposition temperature of
Tretat = Metal surface temperature
ksg 2" = Thermal conductivity of sulfate layer
Koxige = Thermal conductivity of oxide layer
(q/A) = Heat flux through scale.



A gradient of SO; exists between the outer and inner surfaces of the molten
layer. The th1ckness of this 1ayer controls the rate of SO; diffusion to the
sulfate/oxide interface, as shown in Eq. (3):

'D(Pso3(melt/gas) - PSO3(melt/oxide))
X

melt

(3)

where:
D = Diffusivity of SO; in molten sulfate
Jpso; = Flux of S0; through molten layer
Psogcmett/gasy = Pressure of SO; at the outer boundary of the molten layer

Psosmelt/oxider = Pressure of SO; at the inner boundary of the molten layer.

As the temperature of the tube surface increases, SO; flux also increases,
leading to a higher corrosion rate. If the temperature of the tube is increased
above the decomposition temperature for iron sulfate, no molten sulfate layer
exists, and the corrosion rate drops. An objection to this theory is that it
does not explain why corrosion rates of metals in isothermal conditions exhibit
the same temperature dependence as cooled tubes in a boiler. If a temperature
gradient is driving the corrosion mechanism, experiments carried out isothermally
would be expected to show a different temperature dependence and corrosion
morphology.

The effect of refractory metals on the resistance of an alloy to alkali-iron
trisulfate attack has also been analyzed by Hendry and Lees [22]. Corrosion
rates of alloys containing refractory metals have been found to be greater than
alloys with the same chromium and nickel content. This behavior is perhaps the
result of oxygen gettering by the refractory metals. As the alloy is attacked,
refractory metals react with oxygen in the molten sulfates to form stable oxides.
Oxygen is consumed from the sulfate melt, shifting the equilibrium of Eq. (4) and
leading to higher SO; concentrations.

0,2 = S0; + 0% (4)

If the refractory metals do not form a coherent film that protects the metal
surface, then the corrosion resistance of an alloy containing refractory metals
may be worse than that of an alloy without the refractory metal.

Nanni, et al., examined the attack of pure iron, manganese, and chromium in
a 3.6%0,-0.25%S0, gas stream between 1112 and 1472°F (600 and 800°C) [22]. Iso-
lated areas of both iron and manganese suffered alkali-iron trisulfate attack,
while chromium showed no evidence of attack. Generalized oxidation and su1f1da—
tion of the specimens were observed in addition to hot corrosion. The morphology
of corrosion on iron samples exhibits a 1ayered structure compr1sed of an outer
layer of Fe,0y, Fes0, mixed with Fe0, and an inner layer of FeS in Fe0. Manganese
showed a similar structure with layers of Mn;0,, MnO, and MnO mixed with MnS.
Chromium showed only a thin film of Cr,05.



Gesmundo and Viani [24] reviewed the
results from Nanni’s investigations. To
form a liquid phase at the temperature
where alkali-iron trisulfate attack oc-
curs, sodium sulfate must form a low-
melting-point solution with another -10} ; so. 1
species. As Figure 4 shows, two species | ‘ 4
of iron sulfate could form a solution —Fe0
with sodium sulfate: trivalent iron sul- -20} 1
fate and divalent iron sulfate. Triva- Fe
lent iron sulfate forms in the presence [ Fea04
of hematite ([Eq. (5)], while divalent -30} J
iron sulfate may form from hematite or
magnetite by Eqs. (6) and (7). [
40— e,

2Fe(S0,), 5 (5) -30 -20 -10 0
109 p (0y)

FeSp v - v sf(l].

Fes FejS0,); -

log p (S,)

Fe,04

Fe,0; + 350,

Fe,0, + 250; = 2FeSO, + 1/20 (6)
23 3 4 2

Figure 4 Phase Stability Diagram of
Fes0, + 350; = 3FeSO, + 1/20, (7) Fe-0-S at 1292¢F (700°C)--Point A
Corresponds to the Equilibrium Gas
Manganese, like iron, can form both Composition
divalent and trivalent sulfates. The
stability diagram for the manganese-
oxygen-sulfur system indicates that divalent manganese in manganese sulfate is
the form stable in the presence of manganese oxides. At 1112 and 1292°F (600 and
700°C) in 3.6%0,-0.25%S0,, divaient manganese sulfate is the stable species.

The reaction mechanisms and transport of iron from the metal surface through
the inner oxide layer to the molten sulfate may occur in the following manner:
Iron oxides contain metal vacancies as the prevailing lattice defect. Oxide
growth is primarily by outward migration of metal ions. During low-temperature
hot corrosion, iron ions migrate from the metal surface through the oxide to the
molten sulfate. Several reactions may take place at this interface. The iron
may combine with dissolved oxygen or with SOy, as shown in Eqs. (8) and (9).

Fe + 1/20, = Fel (8)

Fe + SO; = Fe0 + SO, (9)

Sulfur trioxide is available at the interface by diffusion of either SOy or S,0,%
through the molten sulfate or by the decomposition of Na,S0O,, as illustrated in
Eq. (10):

Na,SO, = Na,0 + SO, (10)

Sulfate ions may also react directly with the iron. A coupled set of reactions
at the inner and outer interfaces of the molten layer is illustrated in Egs. (11)
and (12).

Fe + S0, = Fe0 + SO, (11)

s0,% (12)

S0,% + 1/20,



!n competition with the oxide formation reactions given in Egs. (11) and (12),
;ron oxide may be converted into FeSO,, which dissolves into the molten sulfate
ayer:

FeQ + SO; = FeSO, (13)

As the sulfate solution saturates with FeSO,, iron oxides may be precipi-
tated from the molten sulfate in regions of high oxygen activity. Reprecipita-
tion of oxide islands in the liquid sulfate creates an outer layer of porous,
unprotective scale. Local oxide precipitation allows alkali sulfates to continue
to dissolve more of the inner oxide layer than without saturation of the sulfate
solution. A cycle of oxide dissolution and reprecipitation may continue until
the porous oxides disperse and absorb the alkali sulfates. In a boiler, a
continuous influx of alkali sulfates allows the attack to continue indefinitely.

Low-temperature hot corrosion of nickel under a coating of sodium sulfate
was studied by Lillerud and Kofstad [24]. Nickel coated with sodium sulfate was
exposed to 0, + 4%S0, atmospheres at 1220 and 1652°F (660 and 900°C). Weight
gains as a function of time for nickel exposed to 0, + 4%S0, with and without a
sodium sulfate coating are shown in Figures 5 and 6." Weight gain was slower for
the sample coated with sodium sulfate at 1220°F (660°C). No molten phases are
present at this temperature. The sodium sulfate coating forms a protective
barrier on the nickel surface. Both coated and uncoated specimens formed a scale
consisting of Ni0 and Ni,S,.

'20,0,.:.-220,;0":. - .' J b 02:4%50;. 1atm 1
o~ 100} Nt wiNa,SO, 700°C ..E 100} Ni withowt Na , SO, B
§ g
g eof g€
I 40 <
20 2
0 < i a i _]
0 S 10 15 20
TIME , hours
TIME , hours
Figure 5 Reaction of NickeL Figure 6 Reaction of Nickel
with Na S0, Layer (2.5 mg/cm®) With 1 atm 0, + 4% S0, at 1220
With 1 atm 0, + 4% S0, at 1220 to 1652°F (630 to 900°C) [25]

to 1652°F (660 to 900°C) [25]

At 1292 and 1472°F (700 and 800°C), a temperature where liquid Na,SO, +
NiSQ, can form, coated specimens suffered increased corrosion rates. The eutec-
tic temperature for the Na,S0,-NiSO, system is 1240°F (671°C). Reaction kinetics
for the coated specimens at 1292'? (700°C) showed an induction period of 3 to
4 hours, then a much greater rate of weight gain than the uncoated specimen.
Samples of the coating showed increasing nickel concentration during the induc-
tion period, until a mole fraction of 0.26 NiSO, was reached, when molten
sulfates formed. Specimens with a Tiquid phase displayed a scale morphology of
Na,Ni(SO,), surrounding islands of NiO.
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In a set of experiments conducted at 1292°F (700°C), specimens were reacted
under different pressures of 0, + 4%S0,. Decreasing pressures led to longer
induction times; molten sulfate formed on thicker oxide scales, and the overall
gffectsdof a molten layer were reduced. Below 0.01 atm, no molten sulfate was

etected.

Between 1240°F (671°C)--the liquidous point of the Na,S0,-NiSO, eutectic,
and 1623°F (884°C)--where pure Na,SO, melts, sodium sulfate attack on nickel may
start in the following way: Initia?)y, a solid layer of sodium sulfate covers
a nickel surface. Oxygen and sulfur oxides penetrate the sulfate coating to form
nickel oxides and sulfides on the metal surface. NiO reacts with SO; to form
NiSO,, which forms a solid and then liquid solution with Na,S0,. "A three-
layered morphology develops:

m An outer layer consisting of Ni + (Na,SO, + NiSO4)Hq_

s Beneath this, a region consisting of Ni0 and Ni,S,

m Next to the metal, a sulfur-enriched region where the sulfide at temperature
is present as (Ni-S)“q.

Nickel diffuses through the sulfide phase to the outer layer, while 0, and SO
diffuse inward through the 1liquid sulfate. At the boundary between the liquia
and sulfide/oxide layer, nickel and NiSO, react to form Ni0 and Ni S, by
Eqs. (14) and (15).

4Ni + NiSO, = 4NiO + [NiS] (14)

Ni + [NiS]

Ni,S, (15)

As a result of the higher partial pressure of SOy at lower temperatures [1292°F
(700°C)], SO; diffusing through the sulfate greatly outweighs the effect of
oxygen transport. The exact transporting species through the molten Tayer is not
known. Possible species include the pyrosulfate ion (520727, nickel sulfate
(NiSO,), or several ionic sulfur oxides.
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Section 4

ALLOY DEVELOPMENT AND CHARACTERIZATION

New materials developments in the last decade have been driven by increas-
ingly severe operating requirements and higher materials cost. New steels for
high-temperature service and various types of coextruded tube have been intro-
duced within the last decade. The push for greater thermal efficiency has raised
both steam and flue gas temperatures, while rising fuel costs have led to the use
of coals high in sulfur and salts. The combustion environment is almost optimum
for corrosion by the alkali-iron trisulfate mechanism. Rising costs of the
materials for alloying steel and the need for both corrosion resistance and high
temperature strength have prompted the development of claddings, coatings, and
coextruded tubes.

A multifaceted fireside corrosion testing program was carried out by
Rehn during an EPRI project [14]. Characterization of commercial steels, experi-
mental alloys, diffusion and plasma spray-coated materials was carried out by
repeated cycling of coupons in a simulated coal combustion atmosphere. Tables 4
and 5 1ist the alloys and coatings investigated during the project.

Testing was carried out in sealed retorts heated to 675°C (1250°F) for
48 hours. The samples were coated with a synthetic ash of composed of
37.5%Na,S0,-37.5%K,S0,-25%Fe,05. A synthetic flue gas (72%N,-14%C0,-10%H,0-3.6%0,
-0.25%562) was passe3 over the samples.

Results of the alloys repeatedly cycled through 48-hour corrosion exposure,
with and without descaling between exposures, are shown in Figures 7 through 9.
Average losses for each exposure are listed in Table 6. There were two types of
experimental alloys: modifications of Type 347 and modifications of Alloy 4--a
composition found particularly corrosion resistant in a previous project [10].
Alloys in the "four" series, along with 7M, 7C, and 7B, with commercial alloys
Sandvick 253 MA and Nitronic 60 show the beneficial effects of silicon, manga-
nese, and rare earth additions to the base alloy. Nitronic 60 proved to be the
most resistant commercial alloy tested, showing one-fifth the loss of Type 304
stainless steel. Alloys in the "four" series produced extremely tenacious
scales, which required harsh measures to remove.

To study the effects of chemical concentration gradients en the corrosion
resistance of various alloys, alloys were coupled by welding one alloy onto
another, rolling these couples into sheets, and cutting them into coupons.
Results after repeated exposures were inconclusive, no clear cases of galvanic
attack were detected on any specimens.

Table 7 lists the performance of coatings under repeated testing cycles.
The coatings tested all gave good performance for the first several cycles, until
the coating either spalled or wore through. Alonized steels performed well for
three cycles, until the aluminum-rich layer was pitted through. After loss of
the alonized layer, corrosion resistance was that of the base metal. Plasma-
sprayed coatings protected the base metal as long as the coating did not spall
or peel. Magnesium zirconate proved to be completely resistant to corrosive
attack; however, the thick coatings [20 - 25 mil (508 - 635 um)] applied to an
austenitic steel spalled as a result of differences in the expansion coefficient.
Thin coatings [10 mil (254 um)] coatings or coatings on ferritic steels did not
spall.

12



Table 4 Commercial Steels and Alloys Studied During EPRI’s Fireside
Corrosion Project [14]

Alloy. Chemical Composition (wt%)
Cr Ni Si Mn Al C Fe Other
Commercial:
AISI 304 18. 9.0 0.7 1.1 --- 0.06 Bal ---
AIST 347 19.0 11.5 0.5 1.0 --- 0.06 Bal 0.80Cb
AISI 309 22.0 14.7 0.7 1.8 --- 0.059 Bal ---
AISI 310 25.0 20.4 0.5 1.8 --- 0.07 Bal ---
Sandvik 253 MA 21.0 11.0 1.8 0.3 --- 0.10 Bal 0.16 N, 0.03 Ce
Carpenter 10 15.8 17.7 0.51 0.77 --- 0.03 Bal 0.035N, 0.19 Cu,
0.27 Mo
Nitronic 60 16.4 8.3 3.8 8.15 --- 0.09 Bal O0.12N
Incoloy 800H 20.4 31.2 0.24 0.88 0.47 0.0565 Bal 0.46 Ti, 0.6 Cu
AISI 312 29.6 7.14 0.3 1.4 --- 0.13 Bal ---
(weld deposit) :
Special:
™ 20.3 11.7 2.0 2.4 --- 0.05 Bal 2.47 ¢b
7B 19.8 12.4 1.9 3.1 --- 0.047 Bal 2.1 ¢Cb
7C 20.3 12.4 2.1 7.1 --- 0.038 Bal 1.6 Cb
4 20.0 24.1 2.4 0.45 2.1 0.02 Bal ---
4A 21.0 19.7 2.3 0.36 2.1 0.10 Bal ---
4B 20.0 17.7 2.4 0.5 2.1 0.02 Bal ---
4C 20.0 17.8 2.4 2.2 2.3 0.012 Bal ---
4D 20.7 15.2 2.4 9.5 2.4 0.025 Bal ---
4E 19.4 14.8 2.6 9.6 --- 0.029 Bal 4.2 Ir
Gradient Test: Sheet Alloy (wt%) Weld Filler Metal (wt%)
Cr Ni Mn Si Cr Ni Mn Si
16 Cr-25 16.0 18.0 1.0 0.5 25.0 20.0 1.8 0.5
25 Cr-30 25.0 20.0 1.8 0.5 30.0 18.0 1.0 0.5
25 Cr-18 25.0 20.0 1.8 0.5 8.0 12.0 1.0 0.5
19 Ni-13 25.0 19.0 1.0 1.0 22.0 13.0 2.0 1.0
12 Ni-20 22.0 12.5 1.0 1.0 25.0 20.0 1.8 0.5
20 Ni-8 25.0 20.0 1.8 0.5 30.0 8.0 1.0 0.5
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Table 5 Coatings Studied During EPRI’s Fireside Corrosion Project [14]

Surface Alloy Treatments

Type Substrate Alloy Coating Process Thickness, um (in.)
Alonized Incoloy 800 Commercial--Fur- 127 - 203
nace at 1010°C (0.005 - 0.008)
(1850°F)
Alonized Type 310SS Commercial--Fur- 76 - 127
nace at 1010°C (0.003 - 0.005)
(1850°F)
Chromized Type 304SS Commercial--Fur- 25 - 51
nace at 1038°C (0.001 - 0.002)
(1900°F) (Above 40%Cr)
Plasma Spray Coatings
Type Substrate Alloy Base Alloy Thickness, um (in.)
Magnesium Type 304SS Ni-Al 254-280
Zirconate (0.010 - 0.011)
(Metco 210)
Magnesium 2-1/4%Cr-1%Mo- Ni-Cr-Al 559 176
Zirconate 2%Ni (0.022 £0.003)
(Metco 210) Ferritic Steel
Magnesium Type 347SS Ni-Cr-Al 559 +76
Zirconate (0.022 +0.003)
(Metco 210)
Kanthal Type 309SS Fe-25%Cr-5%A1 51 - 102
(Prealloyed) (0.002 - 0.004)
Fe-Cr-Al Ferritic Fe-18%Cr-10%A1 127 - 203
(Elemental) HT-9 (From Fe-Cr alloy (0.005 - 0.008)
and Al powders)
Ni-Al Type 347SS 80%Ni -20%A1 254 125
(Metco 404) (0.010 £0.001)
Ni-Cr-Al1-Fe-Mo Ferritic Ni-14%Cr-7%A1 - 508 - 635

(Metco 444)

Ni-Cr-Al-Fe-Mo
(Metco 444)

2-1/4%Cr-1%Mo-
2% Ni

Type 304SS

6%Mo-5%Fe

Ni-14%Cr-7%A1 -
6%Mo-5%Fe

(0.020 - 0.025)

508 - 635
(0.020 - 0.025)
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METAL LOSS,mit

METAL LOSS, mil

Figure 7 Results of Fireside Corro- Figure 8 Results of Fireside Corro-
sion of Commercial Alloys sion of Commercial Stainless Steel

Figure 9 Alloy Modification of
Type 347 for Fireside Corrosion
Test Cycles
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Table 6 Average Corrosion Losses After
48-Hour Exposure

Average Corrosion Lass

Alloy
AISI 304 9
AISI 347 4
AISI 310 5.
Sandvik 253 MA 2
Nitronic 60 1
™ 4
7C 4,
7B 1
4 1.
4B 1.
4C 0.
4D 0
4t 1.

109-124
109-124
36-61

30
25
20-23
15-20
43

Table 7 Performance of Coatings After Repeated Cycles

Coating/Base Metal

Alonized 800 stainless
Alonized 310 stainless

Magnesium Zirconate
Thin coating
Thick coating/ferritic steel
Thick coating/austenitic steel

Nickel Aluminide
Kanthal
Metco 404
Metco 444 austenitic steel
Metco 444 ferritic steel

Length of Protection
(Failure Mode)

3 cycles (corrosion)
3 cycles (corrosion)

10+ cycles
8+ cycles
3+ cycles (spalling)

3 cycles (spalling)
9+ cycles
7+ cycles
3+ cycles
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Kihara, et al., characterized the
corrosion properties of Type 347H and
17-14 CuMo stainless steels [26]. Tests
were conducted using synthetic coal
ashes and flue gases. The effects of
different compositions of synthetic coal
ash, catalysis, preheating of samples,
sulfur dioxide content, temperature, ash
volume, temperature gradient, and vari-
ous inhibitors were studied. Type 347H
had greater corrosion resistance than
17-14 CuMo under all conditions. The
difference in corrosion rates was at-
tributed to the detrimental effect of
molybdenum in the 17-14 CuMo and the
beneficial effect of Nb in the
Type 347H. Molybdenum may flux into the
molten sulfate, increasing its acidity.
The consequences of molybdenum in a sul-
fate were demonstrated by progressive

04¢
I o) fo)
[?)
€ 03¢}
3
g
w 02
- S A tor 17-14Cu Mo
2
L
£ 01
S0::0.25%
[ i " i -
0} 5 10 15 20

Mo O: content in Ash B

Figure 10 Effect of Mo0; Addition to
Ash B on Corrosion Loss of 347H at

additions of MoO; to a 50%Na,SO,-50%K,SO, 700°C for 25 Hours in 0.25%S0, Flue

synthetic coal ash,

ure 10.

as shown

SO
-=/==0.25
~a—1.0
-—O--0.25
—@—1.0

s e

Thickness Loss mm

Material

17-14 Cu Mo

347H

Time hr

Figure 11 Corrosion Loss - Time
Curves for 17-14 CuMo and 347H at
700°C in Ash B as a Function of

30, Content of Flue Gas

ig- Gas

For the first 50 hours, corrosion
rates for Type 347H were very low at
1292°F (700°C) in a 0.25% SO, flue gas,
then quickly accelerated (%igure 11).
This initial incubation period was at-
tributed to a slow rate of formation of
alkali-iron-trisulfate on the metal sur-
face. When the SO, level was increased,
or the SO, was catafyzed to SO;, the incu-
bation period disappeared.

Five different compositions of syn-
thetic coal ash were used to study the
effect of ash composition on the corrosion
rate and mechanism. Table 8 Tists the ash
composition and corrosion losses during a
test conducted at 1292°F (700°C) in 0.3%
S0, for 50 hours. Ash E had a composition
simulating deposits found on test probes.
The corrosion rate of 17-14 CuMo in a
boiler test probe installed for
10,000 hours was 27.6 mil/yr (700 pm/yr).
Ash E gave results close to those found in
the field.

Tamura, et al., studied the hot cor-
rosion resistance of alloys from the Cr-
Fe-Ni system, along with the alloying
effects of minor additions of various ele-
ments [27,28]. They characterized hot
corrosion susceptibility was by weight
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Table 8 Ash Composition and Corrosion Losses During Testing
at 1292-°F (700°C)

Corrosion Rate
Ash Ash Composition (mol%) mils/yr mm/yr

A Na,SO0, (37.5) 984  25.0
K,SO, (37.5)
Fe,0s (25.0)

B Na,SO, (50.0) 1319 33.5
K,SO, (50.0)

C Liso, (33.3) 1299 33.0
Na,SO0, (33.3)
K,SO, (33.3)

D Na,SO, (74.0) 1063 27.0
K,SO, (20.0)
Fe,(S0,)3  (6.0)

E 5i0, (17.4) 59 1.5
A1,0, (9.7)
Fe,0, (26.3)
Caso, (18.6)
K,S0, (1.3)
Na,SO, (6.0)

loss measurements in tests conducted at 1292°F (700°C) for 100 hours [27].
Coupons were exposed to a synthetic coal ash of 30%Na,S04-41%K,SO,-25%Fe,0; and
a gas mixture containing 1%S0,. Weight loss data for the alloys examined are
listed in Table 9.

As shown in Figure 12, a rise in the chromium content in an alloy increased
its corrosion resistance until the chromium content reached 35 wt%, where no
further benefit was produced. Additions of iron up to 25 wt%, improved corrosion
resistance up to 25 wt%; above 25 wt%, iron, the corrosion resistance of the
alloy, decreased, as shown in Figure 13. The limited data available seems to
indicate that nickel-based alloys are more resistant to hot corrosion under these
conditions than cobalt-based alloys with the same iron and chromium content. Of
the alloys examined, a 35%Cr-45%Ni-20%Fe alloy exhibited the greatest corrosion
resistance.
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Figure 12 Effect of Chromium on
Synthetic Coal-Ash Corrosion Loss
of Ni-Cr-Fe Alloys at 1292¢F
(700°C) for 100 Hours

19

Table 9 Results of Coal Ash Corrosion Test on Cr-Ni-Fe Ternary
Alloys
Waeight
Aoy |Symbor Chemical composition (wt%) 1088 (mg/em?)
C___S Man_ o s M Cr__ Fe | (700°C . 100m)
20%Cr [CR20A] 008 1r tr 0033 bel 206t 16.63 94
CR30A{ 00§ tr 0028 oar 2062 1532 34
30NCr
CR308! 00s 65 60 o120 1349 2919 bal 82
CR358) 050 r te tr 0006 bal 38231t tr 21
CR3sC| 020 r 1 te 0005 bai 3423 1100 8
ISNCy
CR350( 007 r 1t 0029 bat 3499 2270 "
CR3SE| 005 57 234 Q110 1516 34 57 vai 49
CR40A| 016 0! tr 0070 0012 bal 4089 1r 21
CR40B| 009 08 1+ 0057 0011 bal 4075 373 14
CR40C| 020 04 1+ 0058 0008 bai 3879 945 19
CR400| 003 v 1 0028 bsl  38.07 19.41 1"
40%Cr [CR40E| 008 01 1« 0028 - bai  39.88 22.88 13
CR40F| 005 ss - - bal  39.36 29.60 29
CR40G| 005 90 - - - bal. 39.32 37 42 32
CR40M| 005 6t S8 0110 - 1878 3885 bal. 30
CR4SA{ 010 1r te tr 0008 bal. 46.02 11.14 21
45%Cr
CR4sB| 008 56 - 0110 2190 43.54 bat. 31
CRSO0A| 020 tr ot tr - bal. 50.49 qr. 1"
50%Cr
CRS0B| 050 60 S8 0430 - 2528 47.74 bdal. 36
B6O%Cr | CRE0A| 050 55 S4 0091 - 2801 57.28 val. 24
. CRIg (a0 02 v - . 3300 1r 28
Co
base C“‘go 020 02 tr. 0036 - tr. 3880 880 4
= nof anahzed <« Dbajance is Co.
™ +
r v — v -
80}
=~ 100 1%80,-5%0, - 10%CO,-N, ] 1%50,-5%0, - 10%CO,-N,
[ 34%Na,S0,- 4 1%K,50,-25%Fe,0, 2 sob 34%Ne, 50, -4 1%K,50,-25%F 9,0, P
? 700°C . 100n 3 700°C  100n ;
: 2o i
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$ ! 4
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Figure 13 Effect of Iron on Syn-

thetic Coal-Ash Corrosion Loss of

34 or 40 Cr-Ni-Fe Alloys at 1292°F
(700-C) for 100 Hours




The 35%Cr-45%Ni-20%Fe alloy was modified with small additions of several
elements to determine the effects of the modification on coal-ash corrosion
resistance. In every case, the parent alloy had better corrosion resistance than
the modified alloys, as illustrated in Table 10. These results contradict those
of Rehn, who found that silicon, aluminum, niobium, and titanium were beneficial

alloying elements for coal-ash corrosion

resistance [14].

100 Hours [27]

Table 10 Weight Loss Data for Tests at 1292°F (700°C) for

Symbal Chemical composition (wi%) Weight ioas (mg/cm?)
C S mMn P ) N [ Fe  alloyng element| (700°C, 100n)
‘cnasr 0S8 tr. . tr. tr. bal. 35.31 tr - 20
‘LCNJSG 02 tr. . tr. tr. bal. 3397 tr 0.5Nb 30
CRISH| 04 45 03 0029 0052 44.22 33.16 bat 0.24Ti 12
CR3S1| .01 42 .03 .0025 .00868 44.43 3293 Ddal 0.59Ti 19
'CR38J ) .02 .40 03 .0033 0078 43.24 33.70 bal. 0.98T 39
CR35K{ .03 .37 06 0104 0051 4520 34.39 bal. 0.65M0 22
| CRISL | .03 .35 .05 0081 0056 45.38 3481 bal 1.72Mo0 34
icnasu .02 .27 .04 0038 0082 46.49 3572 bal 3.94M0 Py
CR3SN| 03 .39 .04 0095 0045 48.51 33.54 bal. 0.88A) 20
CR350( .03 .38 .06 0078 .0036 47.61 32.58 bal 1.90A1 29
CR3SP| .03 .35 .05 0074 0020 47.80 32.23 bal 5.28A1 41
CR3SD/.007 tr. tr. .0029 tr.  bal. 3499 22.70 - 11
CR38Q).006.28 tr. 0025 tr. bal. 34.88 22.7 Si 18

The Tamura studies showed that an
alloy consisting of 0.06%C-35%Cr-45%Ni-
0.5%Nb-Fe, designated CR35A, had excel-
lent corrosion resistance, good
mechanical properties, and good weld-
ability. The coal-ash corrosion re-
sistance of Alloy CR35A and several
commercial alloys is shown in Figure 14.

Table 11 Tists the alloys tested by
Tamura, et al. [28]. Corrosive condit-
ions were produced by a 34%Na,SO, -
41%K,S0,-25%Fe,S0, artificial coal ash in
an aimosphere containing either 0.2% or
1% SO, in a 5%0,-15%C0,-N,. Tests con-
ducted at 1200°F (650°C) Zin 0.2%S0, are
shown in Figure 15. The modified ai]oys
(A-1 and A-2) performed as well in this
test as Type 300 series stainless steels
with higher chromium and nickel contents.
A much harsher environment existed in the
1.0% SO, atmosphere at 1292°F (700°C);
corrosive losses are shown in Figure 16.
High-chromium alloys exhibited greater
corrosion resistance than alloys with a

180} 1%50,-5%0,-15%C0,~N,
34%Na,S0,-41%
K,S0,-25%Fe,0,
‘40r 100h test

120}
3108
80}

sof
ABOOH

Weight loss (mg/cm? | 100h)

40}

CR35A
204 (Coid an:‘

600 650 700 750 800 850
Temperature (°C)

Figure 14 Synthetic Coal-Ash Corro-
sion of Alloy CR35A and Commercial
Alloys. Surface Cold Finishing on
Alloy CR35A Further Reduced the
Corrosion Loss.

lower chromium content. The CR35A modified stainless steels exhibited corrosion
resistance better than similar Type 300 series stainless steels.
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Table 11 Chemical Composition of Alloy for Corrosion Tests (wt%)
Aloy Cc S Mn N1 Cr Mo ND Al T Fe Others
Type 304M 0.06 063 181 875 1822 - — - - bal.
Type 316H 0.06 065 1.63 1175 16.38 2.24 — - - bal.
Type 321H 0.08 0.44 154 10.72 17.47 = - - 0.39 bal
Tyoe 347H 007 061 164 1199 1803 — 0688 — - bal.
Type 310S 008 068 1.67 2084 2440 — — - - bai.
Typoe 314 0.10 2.33 1.52 1958 24.27 — — - - bal.
17-14CuMo 0.12 0.56 0.77 1446 1544 242 043 — 0.23 bsl |297Cu
Alloy BOOM 0.07 0.57 0.90 3191 21.16 — =~ 048 0.50 bal
Alioy 807 0.09 0.69 093 3913 2106 =— 119 027 048 bal [8.12C0 461W
Alloy 817 0.06 0.16 0.03 bal. 2292 9.20 — 0.85 0.48 0.5211.55Co
Alloy 871 0.06 0.0 0.01 bal. 4901 — - - 0.25 -
Alioy 890 0.01 0.21 0.35 obal. 2043 - - - - 10.51
TEMPALOY F-9 0.08 041 0.6% — 9.26 1.08 0.23 — - bal. ] 0.21v
TEMPALOY A-1 0.09 049 158 1077 1797 - 0.15 — 0.07 bal
TEMPALOY A-2 0.09 0.50 1.50 14.05 18.12 1.57 0.23 — 0.16 bal. | 0.0038
TEMPALOY CR30A0.08 0.27 0.20 50.99 30.52 2.11 — 0.14 0.18 bal
NAC CR35A 0.07 0.07 001 46.15 3804 — 052 - - bal.
—: Not anailyzed.
TEMPALOY and NAC are registered trademarks of NKK.

Alloy Corrosion ioss (mg/cm?/100h)
o so 190 10 20
225CriM0 [T
FEMPALOY F-of ]
17-14CuMo —
Tyoedien [ _————
TEMPALOY A-2

Tyoe 324 [ ——)
TEMPALOY A-{_ ]
Tyoe 34t [T
Aoy soon [

NAC CR33A [

Gas : 0.2%S01-5%07- 15%COrN2
Ash : 34%Na3B0e-4 1 %2804
-25%Fesn

Temperature : 880°C

Figure 15 Corrosion Rate in Coal
Ash Corrosion Test for Various Al-
loys [1200°F (650°C), 100-h}

Alioy Corrosion loss (mg/cm?/100h)
o 50 100 150 200
—r ~ - -
Type 304K =
Type 3108 |
Alloy 800H | — ]
Awyei?7 [ ——
Aoy 807 ! — ]
Ciw d
Tyoe 34 7Hp—me ]
Type 314 ]
Alloy 690 —
NAC CR3SA [
Aoy 671 | Gas - 1%S07-5%07- 15%COr N
Ash © 34%NSIS0s-4 1%K2S0s
: -25%Fez03
Temperature : 700°C

Figure 16 Corrosion Rate in Coal
Ash Corrosion Tests for Various
Cladding Alloys and Nickel-Based
Alloys [1292°F (700°C), 100-h]
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Nakagawa, et al., investigated the hot-corrosion resistance of chromized
Type 347H and 17-14 CuMo steels by electrochemical means and by weight-loss
measurements [29]. Chromized and untreated samples were coated with differing
synthetic ash mixtures and exposed to environments containing varying quantities
of SO, at 1200°F (650°C). Chromized samples exhibited much lower losses over the
entire range of SO, concentrations and ash compositions than the samples without
chromizing. Corrosion which did occur on the chromized samples took the form of
pits. The length of time to the initiation of pitting seemed a function of ash
composition and SO, concentration.

Potentiodynamic and potentiostatic polarization measurements of chromized
and unchromized Type 347H and 17-14 CuMo steels were conducted to determine the
nature of the corrosion processes. Chromized specimens exhibited lower anodic
current densities than unchromized specimens over the entire range examined,
which was attributed to a Cr,0; barrier at the interface. Pitting was observed
at certain "breakthrough" po%entia]s, with an abrupt increase in anodic current
density. Hysterisis loops were observed in reversed potentiodynamic sweeps after
pits had formed, suggesting that no repassivation of the pits occurred.

Nakagawa, et al., evaluated several superheater materials by electrochemical
polarization ([30]. Potentiodynamic anodic polarization and free corrosion
potential measurements were conducted in a ternary eutectic of lithium, sodium
and potassium sulfates at 1200°F (650°C). Experiments were conducted under three
different atmospheres: air and synthetic flue gases containing either 0.25% or
1.0% SO,. A1l alloys exhibited passivation in air to some degree. Passivity
lasted éuring anodic polarization until a "breakthrough" potential was reached.
Additions of sulfur dioxide reduced the passive plateau for all alloys; the
breakthrough potential was not changed. The breakthrough potentials increased
in the following order:

Type 310 > Type 347 > 17-14 CuMo

Corrosion of two low-chromium steels, T-22 and HT91, by sodium sulfate
between 1112 and 1472°F (600°C and 800°C) was investigated by Gesmundo and
Nanni [31]. Measurements of weight loss with time for both steels are shown in
Figures 17 and 18. The T-22 steel did not show the bell-shaped dependence of
corrosion rate on temperature that the higher-chromium alloys would; instead, the
corrosion rate increased almost linearly with temperature. This behavior may
have been the result of the high rate of oxidation at the higher temperatures,
which masked any decrease in hot corrosion.

Corrosion of Ni-30%Cr and Co-30%Cr alloys in sodium sulfate was investigated
by Luthra and Shores [32]. Weight gain rates, shown in Figures 19 and 20, were
measured between 1112 and 1652°F (600 and 900°C). Peak corrosion rates for the
nickel-based alloy occurred between 1292 and 1382°F (700 and 750°C), while the
cobalt-based alloy suffered the greatest corrosion between 1200 and 1292°F (650
and 700°C). Although pitting was observed on the cobalt-based alloy, the nickel-
based alloy underwent uniform corrosion over its entire surface. To determine
the corroding species, the corrosion deposits from both alloys were analyzed for
water soluble salts. Chromium salts existed in concentrations less than 5 micro-
grams/cm2 of sample for both the nickel- and cobalt-based alloys, while the
concentration of nickel or cobalt salts changed in the same proportion as the
weight gain.
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ﬁev
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Alkali sulfates consisted of K,S0, and Na,SO,
el adJusted to 2.5, 5.0, or 10. 0 wt%
in a l:1:1 ratlo

W. Wolowodiuk, S. Kihara, and
K. Nakagawa [15] conducted a fire-
side corrosion testing program to
extend the work of Rehn [14]. The
range of materials examined in-
cluded tubing alloys, cladding al-
loys, weld alloys, chromized
metals, and a magnesium zirconate
plasma coating. The complete test
matrix used in this study comprised
over 2100 different tests. Tests
were conducted for 100 hours at
1112, 1200, 1292, and 1382°F (600,
650, 700, and 750°C). Synthetic
coal ash and flue gas were used in
the tests. To determine the effect
of environmental variables on the
corrosion behavior of different al-
loys, the levels of SO, and 0, in
the flue gas and the 1eve1 of
alkali sulfates in the synthetic
coal ash were modified in various
experiments. The SO, level in the
flue gas was var1ed between
0.05 and 1.0 vol%; two levels of 0,
were also used--2 and 4 vol%. The
balance of the flue gas was 10 voli%
inal:l
The ba]ance of

Tables 12, 13, and 14 list

Table 12 Chemical Composition of Tube Alloys

T

Element I ! |

4 iSi‘Mn P| S [Cu Ni!lC Mo Ti{AI|[NbD|CO vV B N Fe

Alloy : | L
347H 008 1049 148 |0025 | 0,006, - 126 184 T T e - o - Bal
17.14CuMo 0.11 1045, 0.75 |0.025 | 0.004 |297 140 155 241 021 - |041 - - gal
Esshete 1250 | 0.11 [0.41 1 6.00 |0.021 | 0005 - 1221 161 119 - - | 087 o gal
Alloy 800H 0.08 055117 10019 [0001! - 3271 211 - 050 0s2| - - - - - Bal
Alloy 800H(NG mod.}} 0.06 0.52 , 1.20 |0.008 | 0.001 | 357 . 28 122 - - {049 . - - 0.001 Bal

Inconel 617 0.06 041 037 |0.006 | 0002 Bal 220 853 038 115| - 125
TempaloyA-1 | 0.09 049 158 (0020 00041 - 108 180 - 007 - |o3s! - Bal
12872 1010 049 182 10008 {0011’ - 149 148 1191047, - | - - . - 0007 gal
Tempaloy CR30A | 0.06 0.27 020 |- ! s10 305 211 o018lo1s| - - - . - i - Ba
HR3C T6.06 0.39 126 10.0120001: 0011 246 -1 - |oear - - . ‘gaas 8al
191 '0.01 0.33 0.40 10012 | 0004 01 84 095 - | - joor9i - o021 0039 Bal
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Table 13 Chemical Composition of Cladding Alloys
‘\\ Element | [ ‘ J |
™~ Clsi{MniP | s |culNi |C [MalTila|Ne|{Colv! 6 g | n:Fei
Alloy | | l i
110 | 907 [0.63 | 1.67 jo008 100021 - (212|247 ] - Joor| - - [ - [ o] - | . aall
' 310NDb 001 [023] 070 [0.015 | 000t | - | 203 ] 254 | - | - | - 028 - | -] - . -  Bali
; 35Cr-4SNY 097 10:03 | 0.0110002 j0.003!) - 453 | 35| - | - [011/089 | - | - | - . . Bal!
| 314 1 0.08[1.90] 12810023 (00011 - 200 249 | - | - | = | - | - | - | = - Ball
Alloy 4C 0.05 |26 |49 (0.00S (0.010:003| 200 | 19.5 | - - re| - -] - E -« - Bal}
25IMA 0.09 {1.73 ] 0.32 {0.014 {00011 ~ | 110! 210 | - - - T T Teve sal
tnconel 671 008 | - - - - - 1Baliago| - i - : . ;
| i | ! | L | ; I
| | | o | 35
T T - T T
R | | !
“ I ! ; 1
Table 14 Chemical Composition of Welding Alloys
T I
__ Element ; | | i
C Si | Mn 4 S Cu | Ni Cr |Mo| Ti Al | Nb |Co | V B N fe
Alloy }
347H 0.05 [0.42 | 2.08 (0026 [0c0Si - | 9.7 | 195 | - | - | - [o083[ - | - | - - Balj
17-14CuMo | 0.13 [0.13 | 1.72 [0.005 | 0.001 (3.24 | 143 | 15.9 [2.510.026] - [ 053 | - | -~ | - | - |Ball
310 0.05 [0.38 | 1.82 (0021 0004 - 209|262 | - | = | « | = [ -1 -] - | - |Bali
253MA 0.06 |1.67 | 0.52 [0.012 { 0.005 (0.04{ 10.2 | 20.8 |0.03}! - - - - - - | 015 ]| Bal
INCO 82 0.01 |0.18 | 2.84 [0.003 |0.00t 1002 Bal | 189 | - (o4 ] - 2s0| - | - | - | - | -
Inconel §17 0.07 [0.21] 014 | - |0.6011015| Bal | 221 [ 90| 030 |106] - [121| - | - | - 254
Kobe 8126 0.07 |0.25 | 0.57 [0.002 [0.003i - |Bal | a0s | - | - | - | - | - [ -] - | - [s2n2

General corrosion occurred on all of the alloys. No pitting was observed
on any of the alloy specimens, either visually or microscopically. Weight-loss
measurements were used to gauge the amount of wastage occurring on the specimens.

Figures 21 through 25 display an average weight loss calculated for all test
conditions plotted against the test temperature. Figures 21, 22, and 23 illus-
trate the corrosion behavior of alloys with little, medium, and high corrosion
resistance respectively. Each group of alloys produced a bell-shaped curve. All
low-resistance alloys (Figure 21) contained molybdenum, and all suffered the
highest corrosion rate at the same temperature [1292°F (700°C)]. A1l alloys with
a medium corrosion resistance (Figure 22) contained about 18 percent chromium.
The corrosion rate of the medium-resistance alloys peaked between 1200 and 1292°F
(650°C and 700°C)--a lower temperature than that of the low resistance alloys.
Alloys highly resistant to coal-ash corrosion (Figure 23) contained over 20 per-
cent chromium. These alloys showed a sharp peak in their corrosion rate at
650°C.
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Figure 22 Average Weight Loss/Test
Temperature Curves (Type 2)

Figures 24 and 25 display weight
loss data against temperature for highly
resistant alloys. In comparison with
Figure 23, these alloys do not show a
bell-shaped dependence of corrosion rate
with temperature at the temperatures
evaluated. The alloys illustrated in
Figure 24 suffered less weight loss as
the temperature rose. The alloys illus-
trated in Figure 25 showed no trend what-
soever. The behavior of either group of
alloys cannot be explained by any known
theory of molten alkali-iron trisulfate
attack; however, both sets of alloys had
the following in common:

m Almost no moiten salts were formed on
the metal surface.

m Heavy corrosion did occur at some test
conditions.
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Changes in environmental vari-
ables changed the wastage of the
alloys tested. An increase in the
percentage of alkali sulfates in
the synthetic coal ash increased
the weight loss in an almost linear
fashion (Figure 26). Additions of
Ca0 to the synthetic ash tended to
inhibit the formation of alkali-
iron trisulfates by formation of
(Na,K),Ca,(S0,) These additions
controi]ed we1ght losses of the
low-resistance alloys, but they had
little effect on the highly resis-
tant alloys. An increase in the
percentage of SO, in the gas stream
likewise 1ncreased the alloy weight
loss, but to a lesser extent than
the alkali-sulfate dependence (Fig-
ure 27). Less-resistant alloys had

Figure 26 Effect of Alkali Sulfate Con-
tent on Corrosion Loss in 0.25 vol% SO,
and 4 vol% 0, Gas at 1202°F (650°C) for

Type 347H, 19-

Alloy 800H
Chromized alloys and
metals coated with plasma-

sprayed MgZr0, could not be
evaluated strictly by weight
loss; metallographic examina-
tion of the coatings was also
conducted to determine the type
and extent of coating deterio-
ration. Chromized alloys
showed pitting in several in-
stances (chromized 17-14 CuMo
and chromized 7-91). Losses on
all chromized alloys were sig-
nificantly lower than on their
untouched counterparts; how-
ever, how long the chromized
layer will last is not clear.
Plasma-sprayed MgZr0, coatings
were permeable to mzlten sul-
fates. Examination of Mgir0,-
coated specimens after exposure
showed a layer of corrosion
products between the coating
and the base metal. The thick-
ness of the corrosion product
layer was dependent upon the
aggressiveness of the environ-
ment. .

14 CuMo, Type 310SS, and

a greater sensitivity to the per-
centage of SO, than the highly re-
sistant a]]oys The percentage of
0, in the gas stream did not exert
much influence over the corrosion
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Figure 27 Effects of SO% Content on Corrosion

Loss in 5 wt% Alkali Sul

ates Ash at 1202°F

(650°C) for Type 347H, Type 310SS, 17-14 CuMo,
and Alloy 800H
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Figure 28 compares chromium content in an alloy with the amount of wastage
the alloy suffers. Alloys with at least 20 percent chromium show much greater
resistance to alkali-iron trisulfate attack than alloys with a lower chromium
content. An exception to the trend of increasing corrosion resistance with
chromium content is Inconel 617. The high wastage of Inconel 617 may be due to
its high molybdenum content. The high corrosion resistance of Esshete 1250 for
its Tow chromium content may be due to its high manganese content (6 percent).
Manganese is known to increase the adherence of the scale. No beneficial effects
were found for additions of aluminum or silicon. Alloy 4C, which proved to be
highly resistant for its chromium level in Rehn’s study [14] performed no better
than INCO 82, which has the same chromium content, but not the high level of
aluminum or silicon.

A goal of Tlaboratory testing is to develop a data base and a model to
explain and predict coal-ash corrosion. Isocorrosion curves plot corrosion rates
as a function of alkali sulfate and SO, concentration for a given alloy at a
given temperature. They can be a powerfdﬁ tool to validate the experiments using
synthetic ash and flue gas against corrosion rates measured in operating boilers
and to predict corrosion rates in New or existing boilers when the coal is
operating conditions are changed.

Figure 29 is a representative isocorrosion diagram. The wastage rates were
calculated by extrapolation from 100-hour test data and interpolation between
points. The ranges of sulfur and alkalis for typical coals are superimposed on
the isocorrosion diagram. Two levels of alkali content are plotted--the total
alkali content of the coal and the acid-soluble alkali content of the coal.
Shigeta, et al. demonstrated that only acid-soluble alkalies are responsible for
the alkali-trisulfate attack [15]. One point from an in-plant test is plotted;
the observed corrosion rate closely matches the rate predicted for the sulfur and
acid-soluble alkali levels of the coal being burned.
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Section §

CONCLUSIONS AND STATE OF THE ART

After 40 years of development aimed at handling the problem of alkali-iron
trisulfate attack, no easy solutions have been found. Supercritical units have
required superheaters and reheaters constructed of expensive high-chromium/high-
nickel alloys, and they have been limited to burning coals with Tow corrosivity.
This form of corrosion will always be a concern for manufacturers and operators
of pulverized-coal-fired boilers but corrosion research and alloy development has
progressed to alleviate the catastrophic problem.

The basic mechanisms of alkali-iron-trisulfate attack in a coal combustion
atmosphere were well-documented by researchers in the 1960s and 1970s, specifi-
cally the pioneering work by Nelson and Cain [17] and the studies conducted by
Reid [18,19]. Definition of the species involved in the attack and transport
through the 1iquid phase is being refined. Further research is needed to develop
the predictive model for the sulfate systems involved in attack before any
comprehensive quantitative theory can be developed.

With the exception of present work at ORNL, new alloy development has been
largely through the efforts of several Japanese firms. Several high-chromium
alloys, such as Type 310 and CR35A, hold promise as claddings for tubes in highly
corrosive conditions. Modified lower-alloy steels--HR3C and CR30A, for example--
with much greater corrosion resistance and creep-rupture strength are being
developed. Rehn developed a modification of Type 347 stainless steel and several
modifications of Alloy 4, (Al, Mn, Si) which exhibited better corrosion resis-
tance than the parent alloy in laboratory tests with very aggressive alkali
sulfates [14]. Subsequent testing by Wolowodiuk, Kihara, and Nakagawa, using an
ash with a lower alkali content, did not substantiate Rehn’s findings, how-
ever [15].

The beneficial effects of chromium have been demonstrated during laboratory
experiments and in-situ probe trials. Corrosion resistance of various alloys
subjected to coal ash with a wide range of sulfur and alkali levels correlates
well with chromium content. Several studies indicate that little further corro-
sion resistance is furnished above a certain chromium content. However, the
plateau for the benefit is still not clear. Molybdenum has been found detvrimen-
tal in several studies. Large additions of molybdenum to either the alloy or the
ash markedly decrease the corrosion resistance of the alloy; however, small
additions of molybdenum do not seem to have much effect. The effects of various
minor alloying elements is still being debated. Both beneficial and deleterious
effects have been reported for aluminum, silicon, manganese, and various rare
earths.

Corrosion-resistant coatings have shown promise in both l1aboratory corrosion
studies and in-situ tests. Plasma-sprayed coatings of magnesium zirconate are
almost impervious to corrosive attack from the higher melting compound that
solidifies in the pores of the coating. However, these coatings spall and
delaminate from the base metal. Diffusion coatings, such as chromizing and
aluminizing, are resistant to spalling and have performed well in some circum-
stances. The performance of both sprayed and diffusion coatings is highly
dependent upon the method of application, the length of the test, and the aggres-
siveness of the alkali sulfate. Short laboratory experiments may overstate the
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abilities of coatings. A large data base of corrosion information has been
assembled into isocorrosion diagrams that provide an isocorrosion line as a
function of SO, and alkali sulfate level. The curves are drawn for a specific
alloy at a specific temperature. The laboratory- derived curves were compared
with field-measured corrosion rates, and the correlation appears promising. The
validity of the curve should be further evaluated because the isocorrosion
diagram is potentially a good quantitative engineering tool for predicting coal-
ash corrosion on the basis of coal quality.

The laboratory coal-ash corrosion retort/field corrosion probe combination has
proved valuable for coal-ash corrosicn research. The laboratory test provides
the accelerated screening device for alloy, temperature, and ash/gas constituent
evaluation. The coal-ash corrosion probes exposed in operating utility boilers
provide combined variables, complex gas/solids, heat-transfer conditions, etc.,
which are very difficult--if not impossible--to totally simulate in the labora-
tory. The combined coal analysis and metals exposure in laboratory and field
advances the mechanist models for coal-ash corrosion; it also keeps research
current as it relates to the realistic fuel variations that are a part of our
changing technology and economic environment.
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