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LABORATORY STUDIES ON CORROSION OF
MATERIALS FOR FLUIDIZED BED COMBUSTION APPLICATIONS

by

K. Natesan

ABSTRACT

Metallic materials selected for the construction of in-bed heat exchangers and tube
supports in fluidized bed combustion (FBC) systems must withstand the corrosive condi-
tions prevalent in these systems. Oxidation/sulfidation interactions that lead to accelerated
metal wastage of in-bed materials can occur owing to the presence of sorbent deposits on
the metal surfaces and/or low oxygen partial pressures in the exposure environment. An
extenstve corrosion test program was conducted at Argonne National Lahoratory to evaluate
the corrosion performance of metallic structural materials in environments that simulate
both steady-state and off-normal exposure conditions anticipated in FBC systems, This
report discusses the possible roles of key parameters, such as sorbent-and gas chemistries,
metal temperature, gas cycling conditions, and alloy pretreatment, in the corrosion
process. Data on scale thickness and intergranular penetration depth are presented for
several alloys as a function of the chemistry of the exposure environment, deposit
chemistry, and exposure time. Test results were obtained to compare the corrosion
behavior of materials in the presence of reagent grade sorbent compounds and spent-bed
materials from bubbling- and circulating-fluid-bed systems. Finally, the laboratory test
results were compared with metal wastage information developed over the years in several
fluidized bed test facilities.

INTRODUCTION

Combustion of coal in a fluidized bed is widely considered a viable process for pro-
ducing electric power and generating industrial-process steam. In power-generating
applications, tubes carry a working fluid (either steam or air) that eventually drives a
turbine. In steam cycles, the temperature of the fireside surfaces of superheater tubes is
550-700°C, whereas in air cycles, the temperatures of the tubes can be as high as the bed
temperature, i.e.,, in the range of 850-900°C,

Two types of fluidized bed combustion (FBC) systems, namely bubbling and circulating-
fluid beds (BFB and CFB), are popular today. Heat exchanger tubes in the BFB system are
immersed in the bed and in the convective sections of the system, whereas in a CFB, the
heat exchanger tubes are generally situated outside the bed. As a result, the tubes in a CFB
are generally exposed to an environment in which coal combustion does not occur (i.e., a
more stable oxidizing atmosphere is prevalent), and the tubes are exposed to much finer
particles. System pressure is another important variable in current systems. Combustion of
coal has been achieved in both atmospheric and pressurized FBC (AFBC and PFBC) systems;
the method of coal feeding and the sorbent materials in the two systems are different, but
the prevalent combustion environment {s similar, Figure 1 shows schematic diagrams of
typical BFB and CFB systems.

Research sponsored by the U.S. Department of Energy, Fossil Energy AR&TD Materlals Program. DOE/FE AA 15 10 10 0, Work
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Fig. 1. Schematic Diagrams of Bubbling- and Circulating-fluid-bed Systems

The operating temperature of the fluid bed directly affects sulfidation of calcined
limestone (CaO) or dolomite (CaO, MgO), NOx formation from fuel-bound nitrogen,
combustion of the coal feed and char recycle, and heat transfer to the in-bed surface. On
the basis of these factors, a bed temperature of 900°C has been selected for FBC operation.
The design temperature of the in-bed tube materials can range from 500 to 870°C,
depending on the concept and objective of the system. The alloys selected for heat
exchange should exhibit adequate erosion/corrosion resistance and sufficient mechanical
properties at the service temperature.

Corrosion and erosion of FBC materials are of practical concern because several AFBC
and PFBC bubbling units have experienced substantial metal wastage of their in-bed and
above-bed components. The affected components have: been tube bundles, supports, or
feed system units in regular service, or special material probes inserted into the fluidized
bed to determine the erosive/corrosive potential of the unit. In some instances, the
damage appears to have been dominated by erosion; in other instances, evidence of
corrosion or a combined erosion-corrosion type of attack has been detected.

Several factors, acting singly or in concert with each other, have been identified as
possible causes of metal damage. These are (a) feedstock characteristics such as size, size
distribution, hardness, and chemical composition; (b) mechanical-design features such as
air disiribution and tube bundle geometry, and design and locatfon of the soiids feeder; and
(c) operating conditions, such as fluidizing velocity, temperature, and gas and solids compo-
sition. Owing to these factors, the environment inside an FBC system is complex and not
fully understood as a function of time and position. The FBC ervironment is dynamic and
constantly changing, with local regions alternating between oxidizing, reducing, and
possibly sulfidizing conditions even thdugh the fluidized bed is operating in an overall
oxidizing state. Deposits composed of sulfur sorbent may form on tube surfaces and
establish oxidizing/sulfidizing conditions locally, underneath a deposit in the vicinity of the
deposit/scale interface, and may thereby accentuate corrosfon. In such an environment,



many so-called high-temperature alloys exhibit inadequate performance owing to the loss of
protective adherent oxide scales and subsequent reaction of the base alloy with the gaseous
environment, leading to internal oxidation and sulfidation.

Numerous research programs have been conducted over the past 15 years to evaluale
the performance of materials in FBC environments. Details of the combustion character-
istics, coal feedstock and sulfur-sorbent chemistry, and operating parameters such as
temperature, fluidization velocity, excess-alir level, and Ca/S ratio are presented in earlier
publications.!2 Figure 2 is a representation of how various bubbling-bed systems have been
operated in terms of two key variables, namely, fluidization velocity and Ca/S ratio.

BACKGROUND

Early developers of the FBC process expected that the problems assoctated with
corrosion and erosion of heat exchanger surfaces, as encountered in conventional coal
combustion systems, would be minimized by the introduction of FBC, It was reasoned that
the low combustion temperature in FBC systems would result in considerably less evolution
of corrosive species, such as alkall salts, and that the buildup and subsequent sintering of
deposits on heat exchangers would be less than in conventional systems, thus deterring
fireside corrosion. In practice, traditional fireside corrosion, featuring attack by molten sall
species has not been reported in FBC systems; however, a form of oxidation/sulfidation has
been observed. One of the major material concerns in FBC systems s the oxidation/suliida-
tion behavior of the alloys in the in-bed heat exchanger tubes and uncooled structural
supports, During 1980-83, several investigators have evaluated the corrosion/erosion per-
formance of engineering materials with either small-scale fluidized beds!-8 or laboratory
setups with simulated . mbustion gas chemistry.9.10 These investigators established that
nickel-base alloys, when exposed to FBC environments, can undergo sulfidation attack that
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leads to catastrophic failures. Further, the corrosion/erosion data showed wide variation in
the extent of degradation in specimens exposed in various locations within the same bed, as
well as in specimens exposed in various beds with nominally similar environments.

Efforts have been made to measure oxygen partial pressure (ppy) in the FBC environ-
ment in situ, with solid electrolyte cells, Experiments conducted in an 0.3-m?2 FBC system
at the Coal Research Establishment (CRE)! showed significant variations in cell response
with both axial and radial positions in the bed. Because the cell response is assumed {o be
directly related to pogy In the gas phase, as determined by equilibrium between different
species, one can conclude that the oxygen concentration in the bed is not uniform but can
actually vary over a wide range during operation of the system. Boiarski et al.'2 have made
actual in-bed measurements of fluctuating po, and time-averaged combustion gas chemistry
for a 0.6-m-diameter high-temperature fluidized bed that operated on Illinois No. 6 coal.
The pog values calculated from the cell response are shown in Fig, 3 as a function of time
and location in the bed. The results show that in the middle of the bed, Figs. 3(a) and (b),
the po, remained at =3 x 10-2 atm for extended periods of time, interrupted by short excur-
slons to very low oxygen pressures (l.e., pog of =3 x 10-3 atm). The results obtained in the
bottom of the bed, Fig. 3(d), indicate a time-averaged pog of ~10-14 atm, with fluctuations to
higher pg, values. The resulls obtained for a location =225 mm from the centerline of the
bed at the bottom plane, Fig. 3(c), indicate that time-averaged pgy values ranged between
10-2 and 10-14 atm for extended time periods. Furthermore, the response time for the
oscillations in cell voltage is much less than 1 s,

Mincherner et al.13 made a detailed analysis of the sensor outputs obtained at the CRE
under various combustion conditions and concluded that high and low levels of pg, in the
environment correspond to bubble and emulsion phases, respectively, Ljungstrom!4
measured the in-bed pg, in a 9.9-m?2 experimental AFBC system at Chalmers University of
Technology (Goteborg, Sweden) in tests in which the fuel was Swedish peat, German brown
coal, and two sizes of a U.S. bituminous coal. He concluded that the higher the devolatil-
ization rate, i.e., the higher the concentratior of gaseous fuel in the dense phase of the bed,
the faster the bubbles lose their oxygen. He postulated the penetration of combustible gas
from the dense phase into air bubbles and subsequent burning of the gas inside the bubbles.
As a result, he suggested that the study of bubble behavior with oxygen probes may not be
useful when a fuel with a high volatilization rate is used.

An in-situ oxygen probe has been used to evaluate the effects of underbed and overbed
feed systems in the Tennessee Valley Authority (TVA) 20-MW AFBC boiler.!15 The measure-
ments showed that, for both feed methods, the conditions at the top of the bed were more
strongly reducing than were those in the lower portions of the bed. Increased metal
wastage observed at the top of the bed for both coupon and pin specimens of Incoloy 800
was rationalized on the basis of these oxygen probe results. Researchers at Rocketdyne!l6
also attempted to correlate the corrosion wastage of materials with the fraction of time the
alloys are exposed to an environment in which the pgg was less than 10-3 atm, but the
results were not conclusive,

In contrast to the successful electrochemical-probe detection of pg, in the bed of an
FBC system, the sulfur partial pressure (pg,) can be determined only by the calculation of
gas-phase equilibria among the various molecular species present in the combustion envi-
ronment. Figure 4 shows the calculated partial press'ures of several molecular species in
flue gas as a function of air/fuel ratio for the flue gas resulting from Illinois No. 6 coal
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bumning at $00°C.!7 It is evident from this figure that at excess-air conditions (air/fuel ratio
>1) the po, is in the range of 10-2 to 10-3 atm and the pg,, is in the range of 10-22 to10-25
atm. As the air/fuel stoichiometric ratio decreases to 1 and below, the pg, can decrease by
10 to 12 orders of magnitude, and the pg, can increase ccrrespondingly.

The calculated pg, in the gas phase will be determined largely by the thermodynamic
equilibrium between CaO and CaSOg4, both of which are present in significant quantities
during bed operation. Figure 5 shows the CaO-CaS-CaSO4 phase stability fields calculated
for temperatures of 704, 840, and 900°C. Superimposed on this plot is the pgy-pg, curve
(dashed curve) calculated with thermodynamic equilibria between various gas species in the
combustion environment at 900°C. It is evident that, at a given pg, in the environment, the
Ps, established in the gas phase will be orders of magnitude higher in the absence of sulfur
sorbent. Because sulfated lime (CaSC4) and calcined limestone (CaO) are always present in
the in-bed environment, the poy and pg, in the bed will follow along the CaO-CaS04 equilib-
rium line. On this basis, the lowest value of pg, that can be attained is =2 x 10-12 aum at
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900°C and the corresponding ps, is =06 atm. Inasmuch as pog as low as 10-14 atm has
been measured in FBC systems, thermodynamic analysis leads to the inference of either the
presence of CaS in equilibrium with CaO in the vicinity of the probe, or combustion of coal
particles on the probe surface, leading to higher CO and lower oxygen content there.

It is also evident that the materials performance in FBC systems should not be corre-
lated with only the poq in the exposure environment, because the in-bed heat transfer
surfaces generally exhibit a layer of sulfated lime deposit after exposure. The combination
of a low-pg, environment and the presence of deposits on the tube surface has been
suggested, in a qualitative way, as a major cause for sulfidation corrosion of in-bed materials;
but the relative influences of low pg, in the gas phase and the deposit on the metal surface
are not known. The purpose of the present work is to establish the relative effects of
variations in gas chemistry in an exposure environment and the presence of deposits on the
corrosion degradation of candidate in-bed FBC materials. As a first step in understanding
the role of deposits in the development/breakrdown of surface srales, reagent-grade CaSOg4
and CaO were used in the present investigation. As a result, the ash components, such as
Alp03, SiO2, etc., and alkall compounds, such as Na2SOg4, which may be present in deposits
from large FBC systems, will be absent in the laboratory test program. Resulls from ongoing
research activities are used to evaluate the effect of actual deposits from FBC facilities such
as TVA, IEA/Grimethorpe (IAE/G), and Nova Scotia Power on the corrosion processes.

The purposes of this report are to (a) present corrosion test data for candidate heat
exchanger materials developed at Argonne National Laboratory (ANL); (b) review the impact
of key variables such as metal and gas temperature, gas and deposit chemistry, and gas
composition cycling on corrosion; (c) review the mechanisms of corrosion in FBC environ-
ments; (d) assess the role of pretreatment of materials in mitigating corrosion; and (e) cor-
relate laboratory corrosion test data with metal wastage data obtained in large-scale FBC

systems.

EXPERIMENTAL PROCEDURE
CORROSION PROBE

In the series of corrosion experiments described below, internally air-cooled ring spe-
cimens were used to simulate the heat exchanger tubes exposed in an environment arising
from the combustion of coal. A schematic of the experimental setup used in the present
studies is shown in Fig. 6. The experimental apparatus consisted of a corrosion probe, to
which the ring specimens of different alloys were attached. The probe was approximately
0.4 m in length, with a specially designed head that incorporated a cooling-air path and
thermocouples. A photograph of a fully assembled corrosion probe is shown in Fig. 7. The
temperature in the gas environment was measured with a Chromel/Alumel couple inserted
in the thermowell. In addition, two Chromel/Alumel couples were spot welded on the
inside surfaces of the specimens so as to be on the top and bottom samples of the specimen
assembly. The entire specimen probe was inserted in a reaction chamber fabricated from
aluminized Type 310 stainless steel. The specimens and gases were heated by resistance-
wound heating elements situated outside the reaction chamber. A control thermocouple at
the outer surface of the reaction chamber was used to adjust the controller set points to
achieve the desired temperatures. In general, the metal temperature of the gas side (which
defines the exposure temperature for the alloys) was controlled to within +5°C of the
desired value by adjusting the flow rate of the cooling air. In the present experiments, the

——
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metal temperature was maintained at 593, 704, or 840°C while the gas temperature was
controlled at 840°C.

MATERIALS AND SAMPLE PREPARATION

Candidate metallic alloys chosen for the tests were carbon steel, Fe-2 1/4Cr-1Mo and
Fe-9Cr- 1Mo ferritic steels, Types 304 and 310 ctainless steel, and Incoloy 80J. The
chemical compositions of the alloys are listed in Table 1. The alloys were procured in pipe
form and specimens were fabricated in the form of rings (=16 mm inside diameter and
16 mm long) and coupons (=15 x 15 x 1-2 mm). A construction drawing of the ring
specimens, indicating detailed dimensions, is shown in Fig. 8.

CHEMISTRY OF EXPOSURE ENVIRONMENT

Because the primary purpose of the present corrosion tests was to examine the relative
influences of sulfur sorbent deposit chemistry and the exposure environment on corrosion
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of metallic alloys, two gas mixtures with widely differing po, and pgy were used in the
experiments. Flow rates of pure gases, such as Oz, N2, CO2, and SO9, and mixed gases, such
as O2-No and SO2-No, were adjusted through a gas flow system to achieve the desired pog
and ps, in the reaction mixture. The gases were passed over a honeycomb platinum
catalyst to ensure SO3-SOg3 equilibrium in the reaction mxture. In addition, three cor-
rosion runs were conducted with CaSO4-coated specimens at metal temperatures of 593,
704, and 840°C in an argon environment. The calculated partial pressures of various gas

u\ﬂl I
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Table 1. Chemical Composition of Alloys Uséd in Present Corrosion Experiments (wt.%)

Material c - Cr Ni Mn Si Fe Other
Carbon steel 0.18 - - 0.3 0.2 Bal.a
Fe-2 1/4Cr-1Mo  0.11 2.3 - 0.8 0.3 Bal 0.98Mo
Fe-9Cr-1Mo 0.10 9.0 - b 0.4 Bal. 0.99Mo
Type 304 SS 0.06 19.2 10.0 1.1 0.35 Bal -
Type 310 S8 0.16 25.1 20.0 1.2, 0.4 Bal -
Incoloy 800 0.05 21.0 32.5 0.75 0.35 Bal 0.4Ti, 0.4A1

aBal. = balance.
bNot analyzed.
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species used in the experimental runs are listed in Table 2 for both high- and low-po,
environments and for the three metal temperatures. The high-pg,/low-pg, (columns 2, 3,
and 4) and low-pgog/high-pss, (columns 5, 6, and 7) cenditions will be referred to as ‘high
Po,' and 'low po,' environments, respectively, in further discussfons in this report.

EXPERIMENTAL RUNS AND SPECIMEN EXAMINATIONS

A listing of various experiments, along with the corresponding gas chemistry
conditions and deposit types, is given in Table 3. The corrosion runs were designed!8.19 to
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Table 2. Partial Pressures of Components of Stmulated FBC Enntronments Used in Present
Laboratory Tests (atm)

High-po,/Low-pg, Environmenta Low-po,/High-pg, Environment?
Component 840°C 704°C 593°C 840°C 704°C 593°C
POy 70x103 69x103 6.6x103 75x10° 1.8x10!! 60x 1015
Pso 2.6 x 10-28 <10-30 <1030  B89x 1012 3.0x 101} 28x10°
Psogp 1.7x 103" 15x103 92x104 33x101 33x10! 3.3x10!

Psog 7.7x 105 29x104 84x104 16x105 33x106 28x107

~ @Referred to in the text as high-pg, and low-pg, environments.

examine four different aspects of the environmental/material interactions: the effect of
exposure temperature, the effects of sorbent deposits alone, the simultaneous eflects of
sorbent and gas eavironment, and the effects of gas chemistry cycling. In addition, 500~
and 2000-h experiments were conducted under selected exposure conditions to evaluate
the corrosion rates. Bare metal alloys were exposed in the high-pg, atmosphere (Runs 116,
115, and 211) and in the low-pg, atmosphere (Runs 101 and 109). In runs 130, 131, and
213, CaS04-coated specimens were exposed to a flowing argon atmosphere for 500 h to
evaluate deposit/substrate interactions. In addition, several runs were conducted at metal
temperatures of 593, 704, and 840°C with CaSO4- or CaO-coated specimens that were
exposed to either high- or low-pg, atmospheres. In Run 155, the specimens initially
coated with CaSO4 were exposed alternately (for 100-h periods, or ‘cycle times') to high-
Pog and low-pg, gas mixtures for a total time of 2000 h at a metal temperature of 593°C.

A similar experiment (Run 168) with a cycle time of 10 h was performed with CaSOg4- and
CaO-coated specimens. In Runs 170 and 171, the 10-h cycle was split between high-pgg to
low-pgoy mixtures in ratios of 9:1 and 1:9, respectively, with a total exposure time of 2000 h.
In all the above-mentioned runs, the virgin specimens (with sorbent coatings) were
exposed first to the high-pp, gas mixture. Specimens in Run 172 were exposed to condi-
tions similar to those in Run 171 except that in the former run the virgin specimens were
exposed first to the low-ppq atmosphere.

Thermogravimetric analyses (under isothermal conditions at 840°C) were conducted
with coupon specimens of Type 310 stainless steel and Incoloy 800 to examine the
combined effect of sorbent/gas chemistry on the corrosion by six deposit mixtures, namely,
CaO + CaS, CaS + CaS0g4, Ca0 + CaSQ4, CaO + CaS + CaS04. Spent-bed materials from the
TVA 20-MW AFBC and the IEA/G PFBC, argon gas, and three mixed gases, namely, 1 vol.%
SOz in Ny, air + Ng + SOg, and 1 vol.% CO-COg, were also used in the study.

- Specimens were subjected to three different initial treatments: one set of specimens,
in the as-received condition, was surface-ground with 400-gril silicon carbide paper and
cleaned with water and ethyl alcohol; another set was pretreated by oxidation at 840°C in a
low-ppo atmosphere (1% CO-COq gas mixture) for =80 h; the third set was pretreated by
carburization at 840°C in a 0.1, 1.0, and 5 vol.m%, CH4-Hg gas mixture for time periods in
the range of 64-140 h.
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Table 3. Experimental Detalls of Several Corrosion Runs at a Gas Temperature of
=~840°C, Conducted in Support of FBC In-bed Application

Metal
Temperature Exposure

(°C) Run No. Gas Chemistry Deposit Type Time (h)

593 116 High po, None 500
101 Low pogy None 500
131 Argon CaS04 500
124 High po, CaS04 500
143 High poy Ca0 500
1564 High poy CaS04 2000
157 . Low pg, Ca0 500
158 Low pgg CaS04 2000
169 Low pgg Ca0 2000
155 High poy/low pogy CaS04 2000

(100-h cycle time)
168 High pogy/low poy CaO, CaS04 2000
(10-h cycle time)

170 Cycling 9:1 O:Ra Ca0, CaS0q4 2000
171 Cycling 1:9 O:R CaO, CaS04 2000
172 Cycling 1:9 RO Ca0, CaS04 2000

704 115 High pog sJone 500
109 Low poy None 500
130 Argon CaS0q 500
125 High po, CaS04 500
142 Low pog Ca0 500
149 High pg, CaS04 2000

840 211 High poo None 500
213 Argon CaS04 500
143 High poo Ca0 500
163 High pogy CaSOq4 2000

40 and R indicate high- and low-pp, gases, respectively.

DEPOSIT COMPOSITION AND APPLICATION PROCEDURE

In the present tests, the outer surfaces of the ring specimens and one surface of the
flat coupons were coated with reagent-grade CaSO4, Ca$S, CaO or a mixiure of these
compounds. The deposit material was made into a water-based paste and applied onto the
alloy specimens. The thickness of the deposit layer was in the range of 0.256-0.50 mm,
The deposit-coated specimens were dried overnight at room temperature, visually
examined to ensure adherence of the deposit to the substrate, loaded into the reaction
chamber, and heated to the desired temperature in the test environment,
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Spent-bed materials were obtained from four (coal-burning) test facilities, namely, TVA
20-MW, IEA/G, Nova Scotia Power, and Combustion Engineering (CE)/Lurgi. Materials from
the first three sources were from BFBS, whereas the CE/Lurgl material was from a CFB. In
addition, the IEA/G Iacility is a pressurized unit, whereas the others are atmospheric com-
bustors. Spent-bed materials from the TVA facility were obtained for two different time
periods, when either Reed or Fredonia limestones were used as a sulfur sorbent.

CHA".ACTERIéTICS OF SPENT-BED MATERIALS

The bed materials were sieved through several U.S. Stanuard sleves of successively
smaller apertures, each sieve being shaken for =10 min to allow smaller particles to fall
through to the next sieve. Each portion was weighed and recorded as the weight percent
of the total amount of material. Figure 9 shows the weight percent of the material collec’ed
in the sieves for four different spent-bed materials.

Figure 10 shows the particle size distribution of the four spent-bed materials. The
distribution indicates that =40 wt.% of the material is =1690 pm in diameter and is
essentially the same fcr the materials from the three sources The Fredonia limestone. is
much softer than the Reed limestone, a difference that is reflected in a much larger amount
of finer-size particles in the run with the Fredonia limestone. To determine chemical
differences (if any) between different mesh-size fractions, we analyzed samples (from the
various sources) in mesh-size ranges of -8 to +18 and -40 to +60 (average particle sizes of
=~1690 and 335 pm, respectively), as well as a sample of ash from a CFB system. Results of
the analyses are listed in Table 4. Several inferences can be made from these results:

(a) the K2SO4 content of the TVA-bed material 1s approximately the same when either the
Fredonia or Reed limestone was used, but is much greater than that of the material from
the other sources, indicating that the K9SO4 content is probably related {o coal and not
sulfur sorbent; (b) the ash from the CFB has a low alkali sulfate content compared to that of
ash from bubbling beds; (c) the CaSOg4 content of the CFB ash was also extremely low
compared to that of bubbling beds; (d) a wide variation in SiOg and Al2Og content was
observed in the materials from the various bubbling beds; (e) the calculated values for the
free silica (probably quartz) in the materials range between 0.5 and 38.0 wt.%, if one
assumes that all the alumina in the spent-bed material is pre-ent as dehydrated kaolinite
(with a composition of Al203.2S102). The highest free-silica value was obtained for the
IEA/G material, which had an average particle size of =1690 pm; and (f} the calculated value
for the amount of free silica in th: CFB ash was =27.6 wl.%.

The finer fractions of the spent-bed materials were used as a water-based paste and
applied to the alloy specimens, as discussed earlier. Figure 11 shows a photograph of the
corrosion probes and specimens coated with deposit materials.

SPECIMEN EXAMINATION

Upon completion of the exposures, both macroscoplc and microscopic examinations ol
various specimens were conducted. Cross sections of the ring specimens were examined
with a scanning electron microscope equipped with an energy-dispersive X-ray analyzer
(EDAX) and an electron microprobe to identify the morphological features of corrosion
product phases in the scale layers, and to establish the thickness of scales and depths of
intergranular penetration, if any, of the substrate material. In addition, optical metallog-
raphy was used to determine the unaflected wall thickness of various exposed specimens.
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Table 4. Composition of Spent-bed Material of Two Mesh Sizes from Various FBC Systems

(wt.%) s

, TVA (Fredonia TVA (Reed
Compo-  Nova Scotia limestone) limestone) IEA/G CrB
nent  -8418 -40+60 -8+18 -40+60 -8+18 -40+60 -8+18 -40+60  Ash
Siog 295 284 6.1 24 11.3 5.6 426  14.3 51.4
Al,03 14.4, 105 1.9 16 1.5 1.1 39 1.7 202
FepOz 3.2 48 2335 261 1.3 1.4 4.6 2.5 9.1
CaSO4 35.5  39.0 5156 560 522 62.4 344 586 6.60
K2SO4 11.5  12.1 312 333 263 224 9.1 15.4 5.4
Nag0 0.08  0.07 0.06 006 009 009 €08 0.8 1.1
MgO 0.9 1.0 1.5 08 1.7 0.9 1.0 07 1.1
TiOq - . - - - - . 0.8
LOIb 5.0 4.1 5.1 3.2 5.5 6.2 4.2 6.7 3.1

aMixture of Ca0O and CaSOy4.
bLoss on ignition,

The results were compared with initial wall thicknesses of unexposed material to calculate
surface recession in the specimens. Detailed analyses of sorbent deposit layers were also
conducted, to address the chemical changes induced in the deposit by the gas phase and by
transport of base metal elements from the substrate to the deposit.

RESULTS AND DISCUSSION

Figure 12 shows lypical macroscopic photographs of CaSO4- and CaO-coated specimens
after exposure in Runs 158 and 169. Postexposure visual examination of the carbon steel
and Fe-2 1/4Cr-1Mo and Fe-9Cr-1Mo ferritic steel specimens from several runs showed
pink corrosion product layers at the gas/deposit interface, indicating substantial outward
migration of iron from the substrate and subsequent oxidation to FepOg. The deposits on
high-chromium austenitic alloys remained white, the original color of the sorbent slurry,
indicating the absence of preferential migration of iron through the deposit. In general, the
sorbent deposit (either CaSO4 or CaO) was fairly adherent to the specimens even after a
2000-h exposure to either of the simulated combustion atmospheres.

The oxygen-sulfur thermochemical diagrams shiown {n Fig, 13 for Fe, Cr, and Ni al
several temperatures indicate the thermodynamic stability of various oxide and sulfide
phases. Superimposed on these diagrams are the CaO-CaS-CaS04 phase fields at the
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Fig. 11.
Phntograph of Corroston Probes and
Spectmens Coated with Various Deposits

corresponding metal temperatures. From these dlagrams and the po, and pgy used in the
present investigation (see Table 2), it is evident that CaSO4 should be the thermody-
namically stable deposit phase in all the runs. The extent of interaction between the
deposit and the substrate or the deposit and the scale depends on three factors: (a) the
porosity of the deposit layer and the transport of gaseous molecules containing sulfur, (b)
the dissociation of CaSOg4 to establish a sulfur pressure at the underside of the deposit, and
(c) the rate of reaction between the underlying alloy elements and the reactants (such as
oxygen and sulfur) to form oxide/sulfide scales and penetrate into the substrate.
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Oxygen-sulfur Thermochemical Diu-
grams at (a) 593, (b) 704, and (c)
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Various Oxide and Sulfide Phases. The
phase fields for CaO-CaS-CuSOq4 system
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EFFECT OF GAL, CHEMISTRY ALONE

In Runs 116, 115, and 211, bare specimens of several alloys were exposed to a high-
Pog environment for a period of 500 h. Detalled examination of exposed specimens showed
that the external scales on carbon steel and low-chromium ferritic steels consisted of iron
oxide, and the internal layers were either iron sulfide or a mixture of {ron sulfide and
chromium sulfide. The predominant gas-solid reaction in these cases seems to be

2Fe + 3/2802 = Feg03 + 3/4S2 (1)

which leads to a porous iron oxide scale and a significant sulfur pressure (much greater
than that for Fe-FeS equilibrium) in the reaction zone. The released sulfur reacts to form
iron sulfide, which also acts as a fast diffusion path for additional penetration of sulfur, In
alloys with a higher chromium content (e.g., Me-9Cr-1Mo steel), internal layer of chromium
oxide and/or chromium sulfide was observed. High-chromium alloys, such as Type 310
stainless steel and Incoloy 800, developed thin chromium-rich oxide scales at 593 and
704°C, but the scale thickness and depth of sulfur penetration increased significantly at the
" exposure tempera’ ure of 840°C, Figure 14 shows the scale thickness and intergranular
penetration data developed for several alloys exposed in the above runs.

In Runs 101 and 109, base specimens of several alloys were exposed to a low-pgq
environment for a period of 500 h at metal temperatures of 693 and 704°C, respectively,
The combination of lower oaygen and higher sulfur pressure present in the low-pg,
environment did not alter the mode of interaction in the alloys compared with that exposed
in the high-pg, atmosphere. However, the scale thicknesses and depths of sulfur penetra-
tion increased substantially for the carbon steel and Fe-2 1/4Cr-1Mo sieel specimens,
especially at the exposure temperature of 704°C. High-chromium alloys such as Type 310
stainless steel and Incoloy 800 developed thin chromium-rich oxide scales similar to those
obtained in a high-pgy environment, Figure 15 shows the scale thickness and intergran-
ular penetration data for bare alloys exposed to a low-pg, aimosphere. A comparison of the
data presented in Figs. 14 and 15 indicatcs that the scale growth rates in carbon steel and
Fe-2 1/4Cr- 1Mo steel are similar at 5893°C in both environments, but the rates are 12-18
times larger in a low-pg, atmosphere than in a high-pg, atmosphere when tested al 704°C,
The scaling rates for high chromium alloys, tested at 704°C, are comparable in both high-
and low-pg, environments, o

The effect of combustion stoichiometry on the depth of corrosive penetration had been
evaluated for Incoloy 800 and Types 310 and 347 stainless steel that were tested for 250 h
at several bed temperatures.20 The results, shown in Fig. 16, indicate that although an
increase in metal exposure temperature leads to only a small increase in scale thickness,
the depth of internal penetration in the substrate material can increase significantly. Even
though the gas environment alone can affect the corrosion behavior of materials, the
components in FBC systems are often covered by a deposit of bed material. Therefore, an
understanding of the corrosion behavior of materials in the presence of a combination of
deposit and gas atmosphere is essential.

EFFECT OF SORBENT ALONE

In Runs 130, 131, and 213, CaSOg4-coated specimens of several alloys were exposed to
a flowing argon environment for a period of 500 h. Figure 17 shows the micrograph
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obtained by scanning electron microscopy (SEM) and elemental mapping of O, S, Ca, Cr,
and Fe for an Fe-2 1/4Cr-1Mo steel (typical of ferritic steels) specimen after exposure in
Run 130. A detailed analysis of the carbon steel and Fe-2 1/4Cr-1Mo specimens after
exposure showed the follow.ng: (a) a significant outward transport of fron occurred {rom
the substrate material into the CaSO4 deposit, and no such migration of chromium
occurred; (b) the reaction product at the deposit/alloy substrate interface consisted of

two distinct layers, an outer layer of predominantly {ron oxide and an inner layer of iron
sulfide in the carbon steel, and chromium-rich oxides in the Fe-2 1/4Cr-1Mo steel; (c)
chromium-rich sulfides precipated at the grain boundary region of the Fe-2 1/4Cr-1Mo
steel specimens, In contrast with the results on ferritic steels, there was virtuaily no
migration of iron from the alloy substrate into the deposit in the high-chromium alloys such
as Incoloy 800 (see Fig. 18) and Type 310 stainless sieel. The oxide scale that developed at
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Fig. 17. SEM Photograph and EDAX Elemental Mapping for CaSO4-coated
Fe-2 1/4Cr-1Mo Steel Specimen after Exposure at 704°C {n Run
130

the deposit/substrate interface was predominantly chromium-rich oxide. Internal pene-
tration of sulfur in these alloys was observed only at nietal temperatures of 704 and 840°C.

The results from the above experiment with deposits show that sulfidation of the alloys
does not require the presence of sulfur in the gas phase. The CaSQ4 dissociation reaction
proceeds as follows:
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Fig. 18. SEM Photograph anc! EDAX Elemental Mapping for CaSO4-coated
Incoloy 800 Specimen after Exposure at 704°C in Run 130

Table 5. Oxygen and Silfur Partial Pressures for Various Metal/Metal Oxide and
Metal/Metal Sufide Equilibria and for the Dissoclation of CaS04 (atm)

Po2 Psa
Equilibria 593°C 704°C 840°C 593°C 704°C 840°C

CaS04-Ca0 1.4 x 10-1! 40x10° 55x107 29x103 27x103! 14x1026
Fe-FeO 1.6x 1026 59x 1022 15x 1018 - - -
" Fe-FeS - - - 2.3x 1013 2,7x 101! 2.4x10°
Cra-Cro03 2.5 x 10-36 3.2 x 1031 2.5x 1026 - - -

Cra-CrS - - - 6.9x 1016 429 x 100 9.6x 10713
11 ‘

Ni-NiO 6.1 x 10020 1.4x1016 2.2x10!3 - -

Ni-NI3Sg - - - 3.4x 1012 63x 1010 9.2x 108

‘éahromium activit;'mi;s:"éssumed to be025

CaS04 = CaO + SOg + 1/203. ‘ (2)

The po, values established by dissociation of CaS0Q4 are given in Table 5 for test tem-
peratures of 593, 704, and 840°C. The dissociation reaction will establish pgg, values of
2.8x 10°1!, 8x 109, and 1.1 x 10-6 aim at temperatures of 593, 704, and 840°C, respec-
tively. If the equilibrium SOg = 1/2Sy + Og exists at the deposit/substrate interface, then
the value of pg, can be calculated from the pgo, and pog values of the dissociation reaction,
which are also listed in Table 5. In addition, a listing of equilibrium poy and pg, values for
various metal/metal oxide and metal/metal sulfide systems is given in Table 5. On the basis
of the dissociation pressures of CaSO4 and the thermodynamic stability pressures of various
oxides and sulfides, two possible mechanisms can be proposed for the oxidation/sulfidation
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of carbon steel and low alloy steels in the presence of CaS04. The first mechanism involves
the reaction

4Fe+CaSO4-3FeO+CaO+Fe.:, (3)

Reaction (3) 1s a solid-state reaction and depends on the outward migration of {ron from
the substrate. Since significant transport of iron has been observed in the exposed
specimens, the extent of attack by this mechanism will be dictated by the rate of chemical
reaction rather than the transport rate of iron,

The second mechanism involves the re‘action‘
3Fe + SOa2(g) = 2Fe0O + FeS. (4)

The pgo, values .required for this reaction to proceed to the right are 4.4 x 10-20,

6.1 x 10°17, and 5.9 x 10-14 atm at temperatures of 593, 704, and 840°C, respectively.
These values are orders of magnitude less than those calculated earlier for the dissociation
of Ca$04. Indirect evidence for this mechanism was reported by Ficalora!® during
differential thermal analysis (DTA)/TGA studies involving CaSO4. The results showed
complete utilization of SO5 at temperatures below 850°C. The extent of attack by this
mechanism will be determined by the rate of dissociation of CaSOg4

In the case of high-chromium alloys, the dominant reaction between the CaSO4 deposit
and the substrate is

Cr + CaS04 — CaCr204 or Cro03 + sulfur, (5)

even though the SO pressure (generated by dissociation of CaSOg4) at the interface s sufll-
cient to form chromium sulfides. Figure 19 shows the scale thickness and intergranular
penetration data for the CaSOg4-coated alloys exposed to an argon environment at various
temperatures. It is evident that, even in the absence of sulfur in the gas phase, the high-
chromium alloys exhibit significant intergranular attack, especially at the higher
temperatures.

Incoloy 800 specimens were also tested at 840°C in argon environments, after coating
with mixtures of reagent grade CaO, CaS, and CaSOq4. Figure 20 shows SEM photographs of
corrosion product layers that developed on Incoloy 800 specimens during exposure to a
flowing argon environment at 840°C in the presence of deposit mixtures 1 through 4
(defined below and identified as lines for 1-3 and a point for 4 in the CaO-CaS-CaS04 phase
stability diagram in Fig. 20). The alloy exhibited an oxidation mode of attack in the
presence of all four deposit mixtures and virtually no sulfur was detected in either the scale
or the substrate alloy. The specimen coated with Mixture 1 exhibited a somewhat thicker
chromium oxide scale and significant intergranular oxidation of the substrate alloy, whereas
the specimens coated with other deposit mixtures developed chromium-oxide scales =5 pm
thick. The results show | hat the pg, and pg, established by the reactions

CaO+1/289,=CaS+1/20, - (Mixture 1)

CaS + 2 Og = CaSOq4 (Mixture 2)
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predominantly lead to oxidation of the alloy at 840°C. The scale morphologies also confirm
previous results obtained with a CaSO4 deposit in an argon environment. 19 However,
Mixtures 1-3, in the absence of an external reactive gas phase, do not lead to fixed pgy, and
Psg values that correspond to the line indicated by 1 in Fig. 20, and the values can change
with time during exposure of the specimens.
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COMBINED SORBENT/GAS CHEMISTRY EFFECT

Several corrosion experiments were conducted with CaSO4-coated specimens in high-
and low-pp, gas environments at a gas temperature of 840°C (see Table 3). The deposit
thickness in different specimens varied between 0.25 and 0.5 mm, Figure 21 shows the
morphological features of Fe-2 1/4Cr-1Mo steel and Type 310 stainless steel specimens
after exposure at 593°C in high- and low-pg, gas environments (Runs 1564 and 158,
respectively). In all cases, the deposit layer was essentially intact, even after 2000 h of
exposure, The ferritic alloy developed thick iron oxide/iron sulfide scales in both these
environments, indicating that the sulfur in the gas phase had very little effect on the
morphology of scale layers that developed in specimens coated with CaSO4 deposit. The
thicknesses of scale layers in CaSO4-coated alloys tested in a low-pp, environment were
significantly larger than those tested in a high-pg, environment. For example, in Fe-2
1/4Cr-1Mo steel, the scale thicknesses were =378 and 750 um, respectively, in high- and
low-ppg atmospheres. Further, the depth of internal penetration increased from an almost
negligible amount to =250 pum as the environment was changed from a high- to a low-pggy
atmosphere.

In the case of austenitic alloys, Type 310 stainless steel definitely exhibited superior
corrosion resistance (in terms of both the scale thickness and depth of internal penetra-
tion) compared with that of Incoloy 800. For example, at a metal temperature of 593°C
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Fig. 21. (a) Sorbent/Gas Chemistry Effect (gas temperature = 840°C, metal
temperature = 593°C) and (b) Morphology of CaSO4-coated Alloys after
2000-h Exposures to High-pog, (Run 154) and Low-po, (Run 158)
Environments
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and after a 2000-h exposure, the scale thicknesses in Type 310 stainless steel are 5 and
10 pm, in high- and low-pggy environments respectively; the corresponding values for
Incoloy 800 are 10 and 500 pm, respectively, in the two environments, Similarly, the
depth of penetration in Type 310 stlainless steel was negligible when exposed in either
atmosphere; the iniernal penetration in Incoloy 800 increased from an almost negligible
amount to =200 um as the environment was changed from a high- to a low-pg,
atmosphere, ‘

The CaO-coated specimens exposed to a high-pg, environment (e.g., Run 143)
exhibited either thin oxide scales or no scale at all, indicating that molecular diffusion of
SOg2 from the gas phase {o the deposit/scale interface and subsequent oxidation of the alloy
are slow processes because the SOg pressure in the gas is high enough {o sulfidize the
calcium oxide. On the other hand, the CaO deposit on alloys exposed to a low-ppg atmo-
sphere in Run 157 was almost entirely converted to CaSO4 as can be seen from the SEM
photographs and elemental mapping for calcium and sulfur, in Fe-2 1/4Cr-1Mo and Type
310 stainless steel specimens (Figs. 22 and 23). The mapping of oxygen is not shown in
the figures. The ferritic alloy developed an iron oxide scale and the Type 310 stainless
steel developed a thin layer of (Cr, Fe) sulfide as a reaction product, Figure 24 shows the
SEM photographs of CaO-coated specimens of the two alloys after a 2000-h exposure in
Run 169, The ferritic alloy developed an internal layer of (Cr, Fe) sulfide, whereas the
austenitic alloy still exhibited a thin chromium sulfide layer, as indicated by the elemental
spectra in Fig. 24.

Figure 25 shows scale thickness and depth-of-penetration data for several CaSO4- and
CaO-coated specimens after exposure to the high-pg, environment at different temper-
alures. Figure 26 shows similar data for deposit-coated specimens after exposure to the
low-ppy atmosphere at a metzal temperature of 593°C. A comparison of the data in Figs. 25
and 26 for a metal temperature of 593°C shows that, in a high-pgy, environment, the
deposit has very little added degrading effect on the corrosion resistance of the materials.
In fact, the presence of a CaO deposit seemed to lower the corrosion wastage, especially in
high-chromf{um alloys. On the other hand, the combination of a low-pg, atmosphere and
elther a CaSO4 or a CaO deposit on the metal surfaces produced the greatest scale thickness
and intergranular penetration depth observed in the present work.

The increased scaling rate for ferritic alloys in a low-po, versus a high pgy atmosphere
can be explained by a much larger increase in sulfur activity that results from consumption
of oxygen via oxidation of iron in the former environment. A detailed discussion of the
effect of gas composition on the scaling rate of iron, based on thermodynamic stability of
various oxide phases and the gas chemistiry conditions, has been presented by Yang and
Whittle,2! In the present study, we found that Incoloy 800 was particularly susceptible to
sulfidation attack under such conditions and that Type 310 stainless steel exhibited the
least attack. However, the absence of chromium oxide on Type 310 stainless steel indicatles
that the sulfidation reaction is the dominant mode of interaction in a low-poy/high-pgo
environment, similar to observations in coal gasification environments.22

EFFECT OF EXPOSURE TIME

The effect of exposure time on the corrosion process was evaluated from resulls for
CaS04-coated specimens exposed in Runs 124 and 154 at 593°C and Runs 125 and 149 al
704°C, Flgure 27 shows scale thickness and depth-of-peneiration data for several alloys



26

Fig. 22.
SEM FPholograph and EDAX
Elemental Mapping for CaO-
coated Fe-2 1/4Cr-1Mo Steel
Specimen after 500-h Exposure
at 593°C in Run 157

Fig. 23. SEM Photograph and EDAX Elemental Mapping Jor CaO-coated Type
310 Stainless Steel Specimen afier 500-h Exposure al 593°C in Run

157
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Flg. 24. Morphological Features in CaO-coated Specimens after
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tested in these experiments., It is evident that increasing the exposure time from 500 to
2000 h, in general, increases the scale thickness by approximately a factor of four In carbon
and Fe-2 1/4Cr-1Mo steels, which indicates that scale growth follows a linear rate law.
Among the higher chromium alloys, Type 310 stainless sieel exhibited superior corrosion
resistance in terms of both scale thickness and internal penetration; Incoloy 800 seemed to

develop much larger surface scale (especially at 704°C) and sulfides in the grain boundaries
of the alloy substrate.

EFFECT OF CaO, CaS, AND CaSO4 MIXTURES

Thus far, corrosion information was presentied on alloys that were coated with CaSO4
and/or CaS04-CaO mixtiures (which comprise the bed material in a well-run FBC system);
however, it is conceivable that in cerlain locations within the bed, such as coal feedport
regions and sections of bed bypassed by combustion air due o fouling/deposit, the local gas
chemistry may lead to deposits that may contain CaS and/or CaO-CaS mixtures. To examine
the effect of such changes in deposit chemistry on corrosion of heat exchanger materials,
thermogravimetric tests were conducted at 840°C with Incoloy 80C and Type 310 stainless
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steel that were coated with CaO/CaS, CaS/CaS04, CaO/CaS04, and CaO/CaS/CaS0O4 mixtures
(identified as lines 1, 2, and 3, and as point 4, respectively, in the oxygen-sulfur stability
diagram for the CaO-CaS-CaS0O4 system).

Figures 28 and 29 show the weight change data for Incoloy 800 and Type 310 stainless
steel specimens (coated with various deposit mixtures), respectively, after exposure at
840°C to a gas mixture with pp, and pg, of 5.4 x 10-12 and 1.6 x 10-8 atm, respectively.
Figure 30 shows SEM photographs of corrosion product layers that developed on Incoloy
800 specimens that were coated with deposit mixtures (defined by lines 1-3 and point 4 in
the poy-psq dlagram in Fig. 30). Specimens coated with Mixtures 1, 2, and 4 exhibited
sulfidation attack in these
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experiments, whereas the specimen coated with Mixture 3 still developed a thin chromium
oxide scale. The implication of these tests is that, when Mixtures 2 and 4 are in the
presence of SOz in the gas phase, a fairly high Psy and low pgo, can be established in the
pores of the deposit material and in the deposit/alloy interface region, Consequently, the
alloy has a tendency to undergo sulfidation attack in these two tests. In the presence of
Mixture 1 and SOz in the gasphase, the dominant reaction in the deposil will be sulfation of
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CaO, which will result in an increase in Pog and pgg In the pores of the deposit; however,
{the pog Will still be al a value dictated by the Cca0/CaS/CaS04 {riple point. Asa result, the
alloy will undergo gulfidation attack, and nickel sulfide and iron oxide will be the reaction
product phases. In the presence of Mixture 3 and SO2 in the gas phase, the dominant
reaction in the deposit will be gsilfation of CaO to CaS04 (which can decrease the pgg In the
pores of the deposit material) &nd the alloy will have a {endency to undergo oxldation. On
{he other hand, similar experiments conducted with Type 310 slainless steel showed

(Fig 31) only an oxldation mode of altack in the presence of any of the four deposit
mixtures, However, {hese specimens werc exposed at an elevated temperature for only
100 h, In earller 3000-h tests,23 it was shown that the presence of a CaSO4 deposit and a
low-pog/ moderate-pgo/£as mixture can trigger sulfidation of the underlying base alloy, even
in Type 310 stainless steel, but the extent of attack ts much less {han in Incoloy 800.
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EFFECT OF PRETREATMENT

The role of two pretreatments (preoxidation and precarburization) of alloy specimens
in the subsequent corrosion of alloys in the presence of different deposit mixtures and gas
environments was examined. In the preoxidation treatment, the alloys were oxidized for
~80 h at 840°C in a sulfur-free gas atmosphere with a pp, of 3.6 x 10-14 atm, In the
precarburization treatment, 140, 96, and 64 h, respectively.

Figure 32 shows the weight change data for preoxidized Incoloy 800 specimens coated
with various deposit mixtures and exposed at 840°C to a gas mixture with pog and pg of
5.4 x 10-12 and 1.6 x 10-8 atm, respectively. Figure 33 shows SEM photographs of the
morphologies of initially preoxidized Incoloy 800 specimens subsequent to TGA. Preox-
dation of the specimens in a low-pgy environment produced thin, chromium-rich oxide
scales on the specimens, Subsequent exposure of the specimens to the deposit mixtures in
the presence of a SOg-containing gas mixture had no deleterious effect on the preformed
oxide scales, indicating that sulfidation of CraO3 scale (once developed) is extremely slow,
However, such thin oxide scales may not offer protection in the erosive environment of the
FBC systems, especially over the-tens of thousands of hours of service required of the tube
banks.

'

In the precarburization treatment, the three gas mixtures, 0.1, 1.0, and 5.0 vol.%
CH4Hag, established carbon activities of 0,031, 0.31, and 1.0, respectively. Carburization of
the alloy specimens at high-carbon activities stmulates carbon pickup in the alloy because of
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the deposition of unburnt carbon (i.e., in the vicinity of coal feedports or in areas with
incomplete combustion) en the alloy components. Precarburization of the alloys at 840°C
resulted in precipitation of (Cr,Fe) carbides in the alloy, the amount of precipitates
increasing with increase in carbon activity. As a result, the effective chromium concen-
tration and activity in the alloy decreased and caused the alloy to behave (from a scaling
standpoint) as a medium-chromium alloy. For example, if carburization proceeds via the
reaction » ‘

23/6 Cr(y) + C(y) = 1/6 Cry3Cg (in mixed carbide),

where Cr(y) and C(y are concentrations of chromium and carbon in the austenite phase,
the free-energy change for the reaction, as a function of temperature (AF° = -16380 - 1.54
T} and the equilibrium constant for the reaction K = al/6cry3Ce / @ C(Y) aCr(v)23/6 can be
ui<d to calculate chromium activity/concentration in the austenite phase for a given level of
carbide precipitation. At a carbon activity of ~0.3, up to which Mg3Cg carbide is stable, the
precipitation of carbides can lower the chromium content in the matrix phase to less than
15 wt.%. At carbon activities above 0.3, M7C3 and M3C carbides will precipitate and further
decrease the chromium activity in the austenite phase. Figures 34-36 show weight change
data for precarburized Incoloy 800 specimens coated with various deposit mixtures and
tested in an oxygen-sulfur atmosphere.

Figure 37 shows SEM photographs of initially carburized (in a 5 vol.% CHy-Ha gas

“mixture) Incoloy 800 specimens that were coated with deposit mixtures 1-4 and exposed

at 840°C to a gas mixture with pgy and pg, of 5.4 x 10-12 and 1.6 x 10-8 atm, respectively.
Exposure of the precarburized specimens led to the formation of nonprotective surface
scale in the presence of all the deposit mixtures investigated. A comparison of photographs
in Figs. 30 and 37 shows that precarburization has little effect on the morphology of the
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scale layers and that the layers are somewhat thicker in the precarburized specimens.
Sulfidation is the mode of attack in this alloy either with or without plecarburization
treatment. Figures 38-40 show weight change data for precarburized Type 310 stainless
steel specimens coated with various deposit mixtures and tested in an oxygen-sulfur
atmosphere. The SEM photographs in Fig. 41 show the scale layers that developed on
precarburized Type 310 stainless steel after exposure to oxygen-sulfur environments in the
presence of different deposit mixtures. The photographs show a substantial amount of
carbide precipitation, but the thickness of the scale layers is much less than in Incoloy 800,
confirming a superior corrosion resistance of the Type 310 stainless steel, even with
carburization pretreatment. These results also indicate that carburization is not essential o
subsequent sulfidation, and that the scaling behavior of the carburized alloys is determined
by the effective chromium concentration in the austenite matrix.

EFFECT OF GAS CYCLING

In Run 155, specimens initially coated with CaSO4 were exposed to high- and low-pg,
gas mixtures for alternating 100-h periods, for a total' exposure time of 2000 h. A similar
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experiment with CaSO4- and CaO-coated specimens and alternating 10-h exposure periods
was conducted in Run 168. Figure 42 shows the morphological features of carbon steel, Fe-
2 1/4Cr-1Mo, and Type 310 stainless steel specimens exposed in the twa runs. The carbon
steel and low-alloy steel specimens developed an external iron oxide layer and internal
layers of iron sulfide or chromium sulfide (in the latter specimens); however, the scale
features and the thicknesses of the layers were similar to those observed in runs conducted
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Morphological Features of CaS0O4- and
CaO-coated Alloys after 2000-h Expo-
sures under Gas Cycling Conditions
(gas temperature = 840°C, melal
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Run 155, cycle time = 100 h. (b) CaS804-
coated, Run 168, cycle time = 10 h. (c)
CaO-coated, Run 168, cycle time = 10 h.

without gas ¢ycling (discussed earller). The Type 310 stainless steel specimen in Run 185
(with 100-h gas cycling) formed a mixture of chromium oxide and chromium sullide at the
alloy side of the interface. In addition, an (Fe, Ni) sulfide phase was observed at the
deposit/scale interface, and the depth of sulfur penetration into the substrate malerial was
substantial. The Type 310 siainless steel specimens exposed in Run 168 (with 10-h gas
cycling) had thin chromium oxide scales that were quite similar to those reported for
specimens tested without gas cycling. These results Indicate that an alternating gas
environment with a cycle time of 10 h or less is not detrimental with regard {o metal

wastlage by means of sulfidation corrosion.
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EFFECTS OF GAS CYCLING WITH VARIATION IN poy DURING A CYCLE

In the experiments discussed earlier, the high-pg,/low-poy exposure time ratios were
maintiained at 1:1 whether the cycle time was 100 or 10 h, In Runs 170 and 171, the high-
Pog/low-pogy exposure time ratios of 9:1 and 1:9 were used while maintaining the cycle time
at 10 h. In these runs, the virgin specimens were exposed to a high-pg, environment
during the first cycle. In Run 172, the high-pgy/low-pog exposure time ratio of 1:9 was
used with a cycle time of 10 h, but the virgin specimens were exposed to the low-pgg

environment during the first cycle. The total exposure time in each of the three runs was
2000 h,

Figures 43 and 44 show the SEM photographs of CaSO4- and CaO-coated specimens of
Fe-2 1/4Cr-1Mo steel and Type 310 stainless steel after exposure in Runs 170 and 171,
respectively, The morphological features and thicknesses of the scale layers in both alloys
were similar to those observed in specimens exposed to fixed-po, test condilions and gas
cycling conditions with a cycle time of 10 h,

Figure 45 shows SEM photographs of CaSO4-coated specimens of Fe-2 1/4Cr-1Mo and
Type 310 stainless steel after a 2000-h exposure in Run 172, in which the virgin speci-
mens were exposed to a low-pgog environment in the first cycle. As can be seen, the

Fig. 43. Morphological Features of CaS0O4- and CaO-coated Alloy
Spectmens after 2000-h Exposure in Gas Cycling Expert-
ment (Run 170) with High-poy/Low-po, Time Ratio of 9:1
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Fe-2 1/4Cr-1Mo steel developed a dual-layer scale consisting of external iron oxide and
internal (Fe,Cr) sulfide. The Type 310 stainless steel Specimen developed a very thin
chromium oxide scale.

Figures 46 and 47 show the SEM photographs and elemental mapping of CaO-coated
specimens of Fe-2 1/4Cr-1Mo and Type 310 stainless steel after a 2000-h exposure In Run
172, As in Run 157, the initial CaO deposit in these runs had reacted to form CaSO4. The
corrosion product layers consisted of external iron oxide and internal iron sulfide, and the
thickness of the seale layer was 0,356 mm. In the case of a CaO-coated Type 310 stainless
steel specimen exposed in Run 172, an initial exposure of the alloy to a low-pgg
environment resulted in not only the conversion of CaO to CaSO4, but also an enhanced
oxidation/sulfidation attack of the underlying alloy, It was shown earlier (Fig. 23) thatl a
CaO-coated Type 310 stainless steel developed a thin (Cr,Fe) sulfide layer upon exposure to
a low-pog atmosphere. The specimen in Run 172, even though exposed for only 1 h at the
start of each cycle to the low-po, atmosphere, developed a thick (Fe,Cr) oxide/sullide scale
alter a 2000-h total exposure, These results indicate that the long-term corrosion behavior
of an alloy (especially a high-chromium alloy) is strongly dependent on the rates of
nucleation and growth of chromium oxide scale in the early stages of exposure. Any
distuption (in the chromium oxide development) via formation of (Ca,Fe) oxide or sulfide
nuclel leads to the development of a nonprotective, maybe porous, oxide/sulfide scale with
increased corrosion wastage of the material.

IMPLICATIONS FOR CORROSION OF IN-BED TUBES AND SUPPORT STRUCTURES

The in-bed environment in FBC systems, in general, has pog values in the range of 10-2
to 10-3 atm; however, fluctuations in pg, values to as low as 10-14 atm have been measured
with an oxygen sensor. The time interval for fluctuations in the pgg values has been less
than a second. Under these conditions, the heat exchanger materials and support
structures will be exposed to an alternating high-pogy/low-po, atmosphere with a cycle
time of a second or less, The results presented in this paper indicate that an alloy are
exposed {o an alternating gas atmosphere with a cycle time of as long as 10 h and still
exhibit acceptable corrosion performance at a metal temperature of 593°C. Initiation of the
sulfidation mode of attack requires a susiained (between 10 and 100 h) exposure of the
alloy to a lgw-pog atmosphere, A low-pg, atmosphere may be prevalent near the coal
feedports tn an FBC system, and exposure of materials at these locations should be avoided.
The present cycling experiments were conducted at pgy values of 7.6 x 10-9 and 7.0 x 10-3
atm al the gas temperature; the validity of the results for cyclic conditions with the much
lower pgy value of 10-14 atm, which has been measured in FBC systems, must be verified.

The corrosion test results discussed thus far have established the influence of the
chemisiry of the oxygen/sulfur mixed-gas environment on the corrosion process, the effect
of alloy chemistry on corrosion wastage, and the role of deposits in the wastage process,
However, the long-term structural integrity of a given material is dependent on whether
the material will undergo breakaway corrosion during service in the exposure environment.
In general, the avallable information on the oxidation-sulfidation behavior of high-chromium
structural alloys exposed to O2-SOg gas mixtures indicates that the alloys develop
predominantly oxide scales.
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Figure 48 shows a schemalic representation of corrosion scale development and
morphological changes that occur in CroOg-forming alloys exposed to combustion
almospheres at elevated temperatures,24 The high-chromium alloys generally develop
porous oxide scales, with some sullldes In the inner portions of the scale (in the vicinity of
scale/alloy substrate interface), The sullides form by reactions between substrate elements
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and sulfur that is released when chromium reacts with SOg to form an external oxide scale,
The porosity present in the scale enables further molecular transport of SOg In the gas
phase to the scale/substrate alloy interface, leading to further oxidation/sulfidation. The
sulfur that {s released is transported along he grain boundaries in the metal, leading to
internal sulfldation of the alloy. Generally, for high-chromium alloys exposed to combustion
atmospheres, the thicknesses of oxide scales are fairly small'and insensitive to time ol
exposure, As a result, the acceptable lifetimes for these alloys, when exposed to combus-
tlon atmospheres, are influenced by the magnitude of the depth of internal penctration,
which 1s largely determined by the alloy chemistry, temperature, SOg content of the gas
phase, and the physical and chemical nature of the deposit.

The results from the present work also show that a combination of CaSO4 or CaO as a
deposit and the presence of low po, in the gas phase leads to initiation of sulfidation of
high-chromium alloys; the 2000-h test data showed that Incoloy 800 is particularly
susceptible even at 593°C, whereas Type 310 stainless steel is affected at higher tempera-
tures. The present experiments also indicate that, for acceptable corrosion performance
(.e., an oxidation mode of interaction), the alloy should develop a continuous chromlum
oxide scale in the early stages of exposure. Consequently, the long-term performance of
materials in FBC systems at temperatures above 626°C may strongly depend on the startup
conditions imposed on the in-bed materials as well as on the control of the bed chemislry
to maintain fairly oxidizing conditions for structural materials during service,

EFFECT OI‘ SPENT-BED MATERIALS

Thus far, we have presented corrosion test results obtained from alloys that were
exposed in the presence of reagent-grade compounds. During the course of this work,
spent-bed materials were obtained from several large FBC test facilities and these materlals
were used as deposits in the laboratory corrosion experiments.

EFFECT OF BUBBLING-BED DEPOSITS

As previously stated, the in-bed environment In bubbling -hed combustion systems, in
general, has pg, values from 10- 2 {0 10°3 atm; however, fluctuations in pg, values, (o as low
as 10°14, have been measured with an oxygen sensor. The time interval for fluctuations in
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the po, values has been less than 1 8, Under these condlitions, the heal exchanger mate
rlals and support structures are exposed to an alternating high-pgy/low-pey, atmosphere
with a cycle time of 1 s or less, To evaluale the :iinct of spent-bed materials on the corro-
slon of candidate malerialy, three gas environments (identified as A, B, and C in Fig. 19)
were selecled, Gas mixture A has pyg and pgg values of 7 x 10-% and 2.6 x 10-28 atm,
respectively, typifying a flue-gas environment, Gas mixture B has pog and pgy values of 5.4 x
10-12 and 1.6 x 10-8 atm, respectively, representing a reducing environment during gas
cycling. Gas C has a pog value of 3.6 x 10-14 atm, contains no sulfur, and represents a
reducing atmosphere witheut sulfur, It has been shown earlier35 that sustalned exposure
(500 to 2000 h) of structural materials to gas mixture B in the presence of a CuSO4 or
CaS04/Cea0 deposit can lead to internal sulfidation of alloys, As a resull, gas mixtures A and
C were used along with the spent-bed materials from various FBC systems to evaluate
corrosion susceptibility of candidate materials,

The SEM photographs in Fig. 50 show scale layers that developed on Incoloy 800 and
Type 310 stalnless steel specimens that were coated with a reagent-grade CaS04/CaO
mixture and spent-bed materials from the TVA AFBC and IEA/G PFBC facilitles. The top
row of photographs, which shows the morphologies that developed when Incoloy 800
specimens with the deposits were exposed to gas mixture A (typical flue-gas atmospher),
reveals that the specimens developed thin chromium oxide scales in the presence of all
three deposils. The middle row of photographs shows that, when deposit-coated Incoloy
800 was exposed to a gas mixture of low-pgy and no sulfur, the scales that developed were
predominantly Fe and (Fe,Cr) oxide and (Fe,Ni) sulfide. Such scales are nonprotective,
Scale layer thicknesses ranged from 0.30 to 1.2 mm; the thicker layers in the presence of
spent-bed materfals are {ndicative that the bed material is more aggressive toward Incoloy
800 than i is toward that of the reagent-grade material, Further, the source of sullur for
sulfldation of these specimens {s the deposit material, because the gas phase included no
sulfur-containing specics, Also, in the absence of deposits (i.e., absence of a sulfur source),
Incoloy 800 specimens would have developed thin chromfum oxide scales when exposed to
the low-pggy atmosphere used in these tests. The bottom row of photographs shows (hat,
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Reagent-grade CaO-CaSO4 Mixture or Spent-bed Malerials
from TVA and IEA/G and Exposed to Various Gas Mixtures

when Type 310 stainless steel specimens with the deposits were exposed to a sulfur-free
low-po, atmosphere, the scales that formed were thin and composed of oxide and sulfide
phases, with some intergranular precipitation of sulfides in the substrate alloy, These
results conclusively indicate that the composition of the deposit material, the local gas-
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phase environment, and alloy chemistry must be considered in an evaluation of oxidation-
sulfidation behavior of candidate heat exchanger materials for FBC applications,

CORROSION IN BUBBLING-BED AND CIRCULATING-FLUID-BED ENVIRONMENTS

Extensive testing of materials (see Table 6 for a listing of chiemical compositions) has
been conducted to develop corrosion information on a variety of ASME-coded and
noncoded structural alloys, coatings, and weldments in well-characterized laboratory
environments that simulaie both bubbling- and CFB atmospheres,23 In these experiments,
ring specimens that simulate the heat exchanger tubes were exposed {o an environment
arlsing from the combustion of coal, In addition, experimental alloys were exposed in the
form of flat coupons to evaluate their corrosion resistance. The outer surfaces of the ring
specimens and one surface of the flat coupons were coated with elther reagent-grade CaSO0q
(simulating a bubbling-bed deposit) or CFB ash, The specimens were exposed for 3000 h al
a metal temperature of 871°C while the gas phase was maintained at ~900°C, The corrosion
test probes were cooled to room temperature after every 500 h of exposure al the test
temperature, During the cooldown period, the specimens were recoated with the deposil
material to ensure that there was no lack of reactant for continuation of the corrosion
process. Gas mixture B (see Fig, 49) and compressed air were used to simulate the
bubbling-bed and CFB conditions, respectively,

During the course of this study, deposits from the corrosion probes were collected
after every 500 h and analyzed, The specimens were recoated with [resh CaSO4 deposit
material after every 500 h of exposure, prior to continuation of the tests, Table 7 lists the
composition of the deposits at various times for both the bubbling- and CFB simulations, In
the bubbling-bed case, initially pure reagent-grade CaSO4 decomposed as a function of time,
and after 500 h of exposure, the deposit contained 51.2 wt.% CaO and only 7.9 wt.% CaSOg.
Because gas B (with Jower po, and higher pgy than a flue gas almosphere) was used in this
simulation, the dissociation of CaS04 was favored within the deposit and the sulfur reléased
by the dissociation reaction led to sulfidation of {he substrate alloy, No CraOg phase was
detected in the deposit material, As exposure time increased beyond =1000 h, the extent
of CaSO4 dissociation decreased and the process was probably controlled by the transport of
sulfur and oxygen through the already-formed scale. In the CFB simulation, the initial
composition of the ash changed very little with exposure time, During the initial =600 h,
the deposit contained Cry0g3 and some additional FepQOg, indicating oxide scaling in this
simulation. These results indicate that the deposit chemistry is influenced both by the gas
chemistry in the exposure environment and the scaling kinetics at the alloy/deposit
interface, Consequently, the local pog and pg, within the deposit can vary widely and
change with time, at least in the early periods of exposure.

Figure 51 shows the corroslon product morphologies observed on the deposit side of
Types 304 and 310 stalnless steel and Incoloy 800 specimens after 3000-h exposures in
the two test environments, The ligure shows that Type 304 stainless steel with =18 wi.%
Cr developed predominantly (Cr,Fe) oxide scales in the presence of either deposit, The
scale thicknesses were fairly small, and the substrate exhibited significant carblde
precipitation at the grain boundaries, CaSO04-coated Type 310 stalnless steel, even though
it contained 25 wt.% Cr,
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Table 6. Chemical Composition of Alloys, Claddings, and Coatings Used in BFB

and CFB Simulation Tests (wt.%)

bFM = filler metal only.

Material C Cr Ni Mn Si S Mo Cu Al Fe Other
304 0.08 1834 810 150 027 0018 027 0.6 - Bala -
800 0.08 20.12 31.70 096 0.24 0006 030 0.73 0.39 Bal. Tio0.31
RA 330 0.05 1859 35.14 1.13 092 0006 0.18 0.10 - Ba NboO.l2
310 0.07 25.00 18.73 1.21 0.64 0006 0.002 0.14 - Bal -
316 0.05 17.27 1379 160 0.73 0016 220 0.17 - Ba -
188 0.08 234 233 07 04 - 06 - - 14 Co0357 Al
0.22, W 14.6,
La 0.05
430 0.12 170 - 1.0  0.03 - - - - Ba -
CoCrALY/800H - 226 4.9 - 0.53 - - - 124 1.0 Co59.5,
Y 0.65
21-33 Nb-Mn  0.19 222 33.1 158 0.35 - - - - -
FMb ‘
309 FM 0.11 ©3.0 147 054 074 - - - Ba -
347 0.079 17.68 12.37 1.77 037 0002 - - - Bal Nb0.69
IN82 FM 002 187 Bal 39  0.30 - 068 - - 274 Nb/TaZ2,
: \ Ti 0.07
308L FM 0.025 21.0 10.0 1.75 0.40 - - - - Ba -
253MA 0.10 207 109 03 18 - - - - Bal Ce0.03
HK40 0.40 28.0 200 20 20 - 05 - -  Ba -
FW-4C 0.054 19.5 200 4.9 260 - - - 14 Ba -
HR-3C 0.06 24.8 2.04 124 040 - - - - Nb 048,
N 0.247
Mn-Nb Mod. 0.069 22.09 30.32 4.48 0.13 0003 - - - Bal. Nb 0.91,
800H N 0.042,
Ce 0.08
54E 0.016 21.79 24.98 4.99 0.10 - 1.92 - - Bal N 0.087
53C 0.016 21.5 17.14 4.90 0.12 - - - - Bal N. 0.251
RV 8413 0.005 18.53 0.06 0.001 0.025 0.003 - - 5.91 Bal  Hf 0.50
1C-50 - - Bal - - - - - 122 - Hf17,
B 0.05
FA-41 - - - - - - - - 150 Bal TIB2 1.0
'C-266 8.2 Bal - - - - - 93 - Zrls,
B 0.02
aBal. = balance.
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Table 7. Variation in Chemical Composition of Deposits in Stmulated BFB and CFB
Environments as a Function of Exposure Time (wt.%)

Deposit Exposure Time (h)
Component 0 500 1000 1500 2000 2500 3000

BFB Simulation

CaSO4 99.2 79 . 5.1 - 71.7 63.7 69.2
CaO 0 51.2 57.8 - 21.7 22.8 26.0
Si02 0 - 3.8 - - 2.4 1.4 1.9
AloO3 0 0.3 - - 0.2 0.2 0.1
Feo03 0 0.5 - - 2.1 1.4 2.0
LOJIa - 35.5 23.7 - 1.9 10.4 0.7

CFB Simulation
CaSO4 6.5 12.4 8.8 10.0 10.6 8.7 10.5
CaO - 2.2 4.4 4.0 3.6 5.0 4.0
S102 51.4 37.0 40.8  43.2 43.4 44.0 43.8
Ala03 20.2 17.2 359 32.8 ' 31.7 31.1 31.5
Feo03 9.1 11.9 8.4 6.8 6.9 8.0 7.1
Crp03 0 16.7 2.3 - - - -
LOJa 3.1 0.5 0.5 0.6 0.6 0.5 0.5

2Loss on ignition.

developed a ragged oxide scale with substantial internal penetration of sulfur. On the other
hand, CFB-ash-coated Type 310 stainless steel developed chromium oxide scale, and
virtually no sulfur was detected in either the scale or the substrate alloy. In general, Type
310 stainless steel was susceptible to formation of (Fe,Cr) sigma phase during thermal
exposure. An Incoloy 800 specimen coated with reagent-grade CaSO4 underwent severe
sulfidation, indicating susceptibility of a higher nickel (32.5 wt.%) alloy to sulfur attack. On
the other hand, the same alloy coated with CFB ash developed a (Cr,Fe) oxide scale {with no
trace of sulfur), indicating that negligible sulfur pressure was establishes by dissociation of
* sulfur-containing ash components in the deposit layer. RA-330 alloy coated with CaSO0a
developed a scale consisting of an oxide-sulfide mixture. Because the scale was nonprotec-
tive, some internal sulfidation of the substrate material was observed. Type 347 stainless
steel coated with CFB ash developed a (Cr,Fe) oxide scale with virtually no trace of sulfur in
either the scale or the substrate.

Figures 52-54 are SEM photographs of the morphologies of corrosion product layers
developed in several coupon alloys in the presence of CaS0O4 and CFB ash deposits. Alloy
253MA. which contained 1.8 wt.% Si, exhibited (Cr,Fe) sulfide and (Cr,Fe) oxide scales in
the presence of CaSO4 and CFB ash, respectively. An increase in the silicon content to
1.8 wi.% from 0.3-0.4 wt.% in conventional austenitic steels did not improve the corrosion
resistance of the alloy in the presence of the CaSO4 deposit. Alloys 54E and 53C developed
predominantly chromjum oxide and (Cr,Mn) oxide, respectively, in the presence of either
deposit examined in these tests. Alloy RV 8413 developed thin alumina scales in both tests;
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Microstructures of Types 304 and 310

Stainless Steel and Incoloy 800 with
Etlther CaS0O4 or CFB-Ash Deposit after
3000-h Exposure al 871°C

CrFe oxide

however, significant precipitation of (Fe,Cr,Hf) intermetallic particles was observed in the
alloy substrate. The nickel aluminide material IC-50 developed a nickel sulfide phase, the
extent of sulfidation attack being more severe in the presence of CaS0O4 than CFB ash.
Inasmuch as the Ni-Ni3Sg eutectic Is at 645°C in prolonged exposures, the alloy will
undergo catastrophic corrosion because the protective alumina scale will be destroyed by
liquid sulfide. The iron-base aluminides with TiBy (alloy FA-41) formed aluminum-rich
oxide scales in the presence of either deposit. No internal penetration of the substrate
alloy was noted; however, fine (Fe,Al) intermetallic particles were obtained due to exposure
at an elevated temperature, The preoxidized alloy IC-266 exhibited massive sulfidation in
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Fig. 52. Microstructures of Coupon Specimens of Alloys
253MA and 54E after 3000-h Exposure in Preserce
of CaSO4 and CFB-Ash Deposits '

the presence of CaSO4 deposits, but the preoxidized layer was fairly intact when the sample
was tested with CFB ash. Similar corrosion information for weldments and clad alloys after
exposure to simulated FBC environments has been developed and is reported elsewhere 23

Table 8 is a summary of data on scale thickness, depth of penetration, and metal
recession for several alloys exposed for 3000 h at temperatures between 871 and 900°C in
simulated bubbling-bed and CFB environments. The contrasting corrosion behavior of
several alloys in the presence of CaS0O4 and CFB ash deposits indicates that the Psy
established by the CaSO4 deposit and the low-pg, gas environment (simulating a bubbling
bed) is much higher than that present in a CFB ash/air atmosphere (simulating a CFB),

IN-BED MATERIALS DATA

In the preceding sections, we showed that materials (especially high-chromium alloys
exposed to an FBC environment) can undergo corrosion by oxidation-sulfidation and that life
expectancy of components is strongly influenced by the internal sulfidation penetration of
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Ca sulfate coated CFB-ash coated

RV 8413 25 um

Fig. 53. Microstructures of Coupon Specimens of Alloys
53C and RV 8413 after 3000-h Exposure In
Presence of CaSO4 and CFB-Ash Deposits

the substrate materials. Furthermore, the bed chemistry in terms of po, and pg, is not
uniform; therefore, different tubes in a heat exchanger, although mude of the same alloy,
could be exposed to widely differing and varying (oxidizing to reducing) conditions in the
bed. To be a viable candidate for use in FBC system, an alloy must exhibit acceptable
corrosion rates, even under the most extreme in-bed reducing conditions (pgy = 10712 to
10-14 atm). In general, metallic heat exchanger tubes are coated with a dense and
sometimes thick deposit, the composition of which depends on gas chemistry, exposure
time, and temperature. In-bed bubbling-bed wastage data, developed over the years, in
general, indicate that the erosion contribution will not be significant for components that
operate between 650 and 900“C; however, the erosion processes in FBCs systems are not
well understood and a few instances of unanticipated catastrophic erosion of in-bed cooling
tubes have been reported. Thus, the interpretation of metal wastage data calls for caution.
These difficulties not withstanding, the materials data base was reviewed earlier25.26 to
evaluate the time and temperature dependence of the wastage, scale thickness plus internal
penetration, and corrosion rates for several alloys or classes of alloys tested in FBC systems,
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Fg. 54.
Microstructures of Coupon Specimens
of Aluminide Alloys IC-50, FA-41, and
IC-266 after 3000-h Exposure In
Presence of CaSO4 and CFB-Ash
Deposits

The data for a few of the alloys are summarized below for comparison with the data
developed in the laboratory test program.

Figure 55 is a plot of the scale thickness alone and scale thickness plus penetration
depth as a function of in-bed exposure time for Type 304 stainless steel tested at temper-
atures between 810 and 871°C in several FBC systems. The data indicate that the scale
thickness is negligibly small and increases to a constant value after 2000 h of exposuue.
The depth of penetration is approximately three times that of scale thickness and probably
tends to Increase with exposure {ime, One may infer from the data that the alloy has not
undergone "breakaway" corrosion during exposure. Figure 56 ia similar plot of total corro-
sion as a function of exposure time for the steel tested at temperatures between 650 and
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Table 8, Average Scale Thickness and Depth of Penetration, and Melal Recession Dala for
Several Alloys Exposed for 3000 h in Simulated FBC Environments (um)
With CaS04 with CFB Ash Melal Recession
Average Average Average Average
Scale Depth of Scale Depth of With  With CFB
Material Thickness Penetration Thickness Penetration CaS0q4 Ash
Internally Cooled Rings (metal temp, 871°C)
304 20 23 24 14 656 184
800 Destroyed 27 30 - 128
RA 330 70 160 NE# - 193 NE
310 70 230 17 G2 250 160
316 10 40 NE - 98 NE
188 Internal attack NR - NE
347 NE - 32 40 NE 210
Coupons (metal temp, 899°C)
2563 MA 30 65 33 18 1056 70
HK40 Destroyed NE - NE
Fw-4C B 100 NE - 203 NE
HR-3C 20 656 NE 125 NE
Mod. 800H Destroyed NE - - NE
430 NE - 120 48 NE 340
54E 30 33 33 30 50 84
53C 10 16 30 30 50 84
RV 8413 15 4 16 18 15 456
IC-50 Destroyed 50 30 - 80
FA-41 10 7 15 18 15 30
IC-266b Destroyed 18 72 - 90

aNE = not exposed.
bPreoxidized sample.

700°C. Figure 57 shows a plot of corrosion rate for Type 304 stainless steel against in-bed
exposure temperature obtained over a wide range of conditions and exposure times in
several FBC test facilities. Corrosion rates were calculated under the assumption that
parabolic kinetics (i.e., the amount of degradation is proportional to the square root of the
duration of exposure) were operative for both scale thickness and penetration depth. In
some instances, where scale thickness and penetration data are not reported, the metal
loss information was used to calculate corrosion rates.
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Figure 58 iIs a plot of the scale thickness alone and scale thickness plus penetration
depth versus in-bed exposure time for Type 310 stainless steel at temperatures between
810 and 871°C in several FBC systems, The corrosion behavior of this steel is similar to
that of Tpe 304 stainless steel; however, for a given exposure time, the depth of
penetration for 310 steel is somewhat lower than for 304 steel. In addition, the 10,000-h
data from the Nova Scotia test facility show acceptable corrosion behavior for this alloy.
Figure 59 is a plot of corrosion rate for Type 310 stainless steel versus in-bed exposure
temperature obtained over a wide range of conditions and exposure times in several FBC
test facilities. A comparison of the laboratory and in-bed corrosion data shows that the
former is higher by a factor of two; however, the laboratory data were obtained in an
environment that was much more reducing (i.e., po, and pgy in the vicinity of the CaO-CaS-
CaSO0g4 triple point) and can be considered an upper-bound rate for the material from the
standpoint of corrosion,
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Figure 60 is a plot of scale thickness and depth of penetration for Incoloy 800 versus
exposure time in various FBC systems, It is evident from this figure that, although the scale
thickness is fairly insensitive to exposure time beyond =2000 h, the penetration depth
increases dramatically, especially in the 10,000-h-exposure results from the Nova Scotia
[acility, Figure 61 shows the corrosion rate, based on parabolic kinetics, as a function of
ulloy exposure temperature, Over the entire temperature range, the corrosion rate is
approximately twice that observed for Type 310 stainless steel, Furthermore, the long-time
performance of the alloy is not promising, because the life-limiting parameter, namely, the
internal penetration depth, increases significantly with exposure time, In addition, the
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alloy is susceptible to catastrophic oxidation-sulfidation corrosion when exposed to low-po,
environments, as evidenced by the laboratory test results discussed in earlier sections of
this report,

The corrosion test results presented in this report establish the role of several key
variables in the corrosion of structural materials that are candidates for FBC application, and
also aid in understanding the mechanism of corrosion in the dynamic environment of FBC
systems. Materlals degradation depends on local conditions that are prevalent near the
area of attack, and these can fluctuate significantly over small intervals of distance and time.
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If we could establish quantitative relationships among operating parameters and measure-
ments of process conditions (as independent, controllable variables), and local bed condi-
tions in the vicinity of in-bed component materials and the corrosion/erosion behavior of

those components (as dependent variables), we would significantly speed the development
of FBC technology.

SUMMARY

Laboratory tests have been conducted to examine the role of gas chemistry, sorbent,
metal temperature, and gas cycling on the corrosfon of heat exchanger and tube support
malerials in FBC systems, In addition, tests were conducted with spent-bed materials

obtained from large FBC test facilities, Based on the test data, the following conclusions can
be drawn:

1. The presence of a CaSO4 deposit alone can lead to sulfldation of low-alloy
steels, even at 593°C, The austenitic alloys developed (Ca,Cr) oxide and/or
Cr20g3 scales at the lower temperatures but exhibited significant
intergranular sulfidation at a metal temperature of 840°C,

2. The scale thickness and depth of intergranular penetration of CaS04-coated
specimens tested in high-pg, environments are somewhat greater than
those observed in argon exposures, but the rates (<50 um y-!) are
acceptable for materlals such as Type 310 stainless steel in heat
exchangers that operate at temperatures below 700°C,

3. Initally applied deposits of CaO were converted to CaSO4 under the low-
Pog ¢xposure conditions of the present investigation, Such a reaction
seems to increase the densitly (decrease the porosity) of deposits and
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thereby reduce corrosion scale thickness, especlally in high-chromium
alloys, A low pgg in the gas phase environment increases the corrosion of
bare alloys as well as those coated with CaS804 and CaO, even al a metal
temperature of 8593°C.

The gas cycling experiment showed that sulfidation can be triggered even
in Type 310 stalnless steel with a cycle time of 100 h; no sullidation was
noted with a 10-h cycle {ime, Because the {raction of time spent under
low-pgg conditions was the same in both 100~ and 10-h-cycle time tests,
it can be concluded from the results that a sustained exposure (>10 h) to a
low-pog atmosphere is required for initiation of sulfidation aitack of the
material,

Variations in relative time periods for high and low pg, during an exposure
cycle had almost no effect on the corrosion of alloys coated with either
CaSO0y4 or CaO, If the virgin specimens were exposed to a high-po,
atmosphere at the start of the first cycle, Exposure of the specimens fo a
low-poy atmosphere at the start of the first cycle seemed to trigger a
sulfidation reaction in CaO-coated Type 310 stainless steel.

A comparison of data obtained in the presence of CaS0O4 and CFB-ash

~deposits showed that austenitic stainless steels such as Types 304 and 316

showed acceptable corrosion behavior even after a 3000-h exposure in the
presence of CaSQO4 deposit. However, the subsurface sulfidation noted in
Type 316 stainless steel should caution against extrapolation of the data to
longer exposure times, Type 310 stainless steel exhibited significant
sulfidation attack in the presence of CaSQ4 deposits. In contrast, the
austenitic steels exhibited a predominantly oxide mode of attack in the
presence of CFB ash. Alloys such as Incoloy 800, Haynes 188, and RA 330
were susceptible to substantial/catastrophic attack in the presence of
CaS04 deposits, In contrast, Incoloy 800 developed a thin oxide scale in
the presence of CFB ash deposits, ‘

Among the coupon specimens, alloys such as HK 40 and Mn-Nb-modified
800H exhibiled substantial corrosive attack in the presence of CaSOq4
deposits, Alloys such as 263 MA, FW-4C, and 54E showed moderate
corrosion, whereas alloys such as 63C and RV 8418 exhibited the least
attack in the presence of CaSO4 deposits, On the other hand, the presence
of CFB ash had almost no deleterious effect on the corrosion behavior of all
the tested alloys, except Alloy 430, Among the aluminides, only the iron-
based aluminide (FA-41) exhibited superior resistance to sullidation attack
in the presence of either of the deposil materials.

In general, the corrosion data showed that scale thickness and {nternal
penetration in the presence of CFB ash and an air atmosphere (assuming no
combustion in the heat exchanger region) were much less than those
obtained with CaS04 deposit and low-pg, atmosphere (most severe
conditions envisioned in bubbling beds). On the basis of these results, we
conclude that corrosion degradation of metallic alloys and weldments will
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be very minimal in CFB systems when compared with that in bubbling FBC
systems,

9, Comparison of laboratory test data (developed in a low-pgg environment)
with In-bed corrosion data showed that the corrosion rates determined in
‘the laboratory are higher by a factor of 2 and that these rates can be
treated as an upper-hound value if the alloys are not susceptible to
breakaway corrosion,
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