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CORROSION OF FLUIDIZED-BED BOILER MATERTALS IN
SYNTHETIC FLUE GAS™

J. I. ¥ederer

ABSTRACT

Candidate materials for components of a fluldized-bed
waste heat recovery system (FBWHRS) include plain carbon steel,
types 405 and 316 stainless steel, and alloy 800. These mate-
rials were exposed to synthetic flue gas at anticipated FBWHRS
temperatures and higher for 3000 h to determine corrosion rates.
The synthetic flue gas was a combustion atmosphere to which
Cl, and HCl were added. The projected annual corrosion rate for
plain carbon steel is about 0.08 mm/year (0.003 in./ year) at
250 to 290°C, but it would exceed 0.5 mm/year (0.02 in./year) at
560°C. The projected annual corrosion rates of the other
materials were less than 0.25 mm/year (0.01 in./year) at the
maximum test temperatures of 560, 660, and 665°C for type 405,
type 316, and alloy 800, respectively. These results indicate
that corrosion of candidate FBWHRS materials will not be signif-
icant at anticipated operating temperatures for various com~—
ponents unless other factors, not included in this study, cause
accelerated corrosion.

INTRODUCTION

Regenerators and recuperators have been used for many years to recover
waste heat from industrial processes. TFor example, heat recovered from
flue gases is used to preheat raw materials or combustion air or to gen-
erate steam, thereby decreasing the use of fuel. High temperatures,
corrosive specles, and particulates that erode or foul heat recovery de-
vices characterize the flue gases from some industrial furnaces, for
example, aluminum remelt, steel soaking pit, and glass furpnaces. In recent
years the opportunity for greater fuel savings through higher preheat air
temperatures has been pursued. As a result research and development
on more durable ceramic materials and on ceramic recuperator technology

have increased. Recuperators having $iC tubes as the heat transfer

*Research sponsored by the Office of Industrial Programs,
U.85. Department of Energy under contract W-7405-eng~26 with Union Carbide
Corporation.



elements are being developed by private industry under contracts with the
U.S. Department of Energy (DOE) and the Gas Research Institute.l,?

Another approach to waste heat recuperation 1s represented by
fluidized-bed heat exchangers, also being develcped by private industry
under contract to DOE. One of these concepts is a fluidized—bed waste
heat recovery system (FBWHRS) that coaverts waste heat o steam. Flue
gases fluidize and heat the bed media, which in turn transfer heat to the
steam generator tubes. Thils type of device has been successfully used to
recover heat from flue gases of diesel engines on seagoing vessels. Appli-
cation to industrial furnaces requires advances in technology because the
device will operate at higher temperatures. Although heat is not recoveread
at high temperatures, as 1s done by ceramic recuperators, the fluidized-

bed boiler has the following attractive features for waste heat recovery:

2 proven method,

® high effectiveness,

# design temperatures that allow use of metallic alloys for most com-
ponents, and

@ vremoval of fouling deposits by periodic cleaning of distributor plate.

Aerojet Energy Converslion Company will design, construct, install,
and operate a full-scale FBWHRS as a demonstration of performance and
reliability.3 The initial site selected for the unit was an aluminum
remelt furnace fired with natural gas. The furnace operates on a 3-h

cycle as follows:

® charge melting (high firing), 2.0 h;
e fluxing with Cl, gas, 0.25 h; and
¢ discharge (nonfiring), 0.75 h.

Chlorine fluxing is a common industrial proceduve for purifying molten
aluminum. Certain Impurities, such as magnesium, are converted to
chloride compounds that can be separated from the melt. During fluxing
and nonfiring portions of the cycle, flue gases would bypass the FRWHRS,

The flue gases would pass through the fluidized-~bed boiler only during the



high~firing portion of the cycle. Although Cl; is not added to the melt
during high firing, residual Cl, and HCl are present in the flue gases.
The corrosive potential of flue gases contalning Cl, and HCl needed to be
assessed because serious corrosion would affect both performance and
reliability.

The purpose of this Investigation was to develop a data base for
corrosion of candidate construction materials. This information was
needed for selection of materials for boiler components, namely, distribu-
tor plate, steam generator tubes, and containment walls. The task was
accomplished by reviewing pertinent corrosion literature and by conducting
corrosion tests. In the latter case unstressed candidate materials were
exposed to synthetic flue gases containing Cl; and HC1 at and above anticil~
pated FBWHRS use temperatures for 3000 h. Annual corrosion rates were

projected from the results of the test.

DESCRIPTION OF FLUIDIZED-BED WASTE HEAT
RECOVERY SYSTEM

The fluidized-bed boiler is shown schematically in Fig. 1. Flue

gases, diluted with ailr to lower their temperature to about 600°C, are
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diverted from the main flue into the boiler. The gases enter the boiler
through openings in the distributor plate, which forms the base of the
bed. (In an advanced version the inlet gas temperature way be as high as
1000°C.) The gases fluidize and heat the aluminum oxide bed medium, which
is kept shallow to minimize the pressure drop through the boiler. Heat 1is
transferred from the bed to the steam tubes, with the surface temperature
of the tubes and containment wall maintained at 250 to 290°C. The exit
gas temperature is about 350°C. All components in the bed are subjected
to the eroding action of the bed wedium.

Candidate reference and alternative materials for distributor plate,
steam tubes, and containment wall are metals. Their compositions and
maximum anticipated use temperatures 1in the boliler are shown in Table 1.
In each case the alternative 1s more oxidalion resistant than the
reference material. Type 347 stainless steel, a stabilized grade, which
resists precipitation of carbides at grain boundaries, was included for
comparison. Tentative selection of these materials reflects the intent to
construct the boller with common structural materials, for which fabrica-

tion technology, availability, and cost are well established.

Table 1. Candidate materials for fluidized-bed
waste heat recovery system boiler components

Nominal Estimated

_ composition (wt%) temperature

Component Material in FBWHRS
Cr Ni Fe Other? (°C)

Distributor plate

Reference Type 316 S5 17 12 Bal 2 Mo 600

Alternative Alloy 800 21 33 Bal 600
(For Type 347 S8 18 11 Bal Nb + Ta?
comparison)

Steam tubes and containment walls

Reterence Plain carbon steel ~99 250290
Alternative Type 405 SS 13 Bal 0.2 Al 250290

IThese materials also contain small amcunts of C, Mn, Si, P, and S.

bConcentration is 10 times carbon content.



PREVIOUS CORROSION STUDIES

Related corrosion studies have involved exposure of materials to
essentially pure Cl, or HCl gases and to actual and simulated combustion
atmospheres containing these gases. Although exposure to pure Cl, or HC1
would be an unlikely event for the fluildized-bed heat exchanger, the
results of these tests were reviewed for possible assistance in inter-
preting corrosion behavior in combustion atmospheres. Results from pre-
vious studies are summarized in Table 2.

Heinemann, Garrison, and Haber exposed steel to dry Cl, gas at 77 to
251°C for up to 8 h (ref. 4), and Brown, DeLong, and Auld exposed a variety
of materials including steel and type 316 stainless steel in.dry Cl,, in
dry HCl, and in these gases with additions of H,0, air, or S0, (ref. 5).
Temperatures of interest to the fluidized-bed heat exchanger were included
in these studies, but test periods were only 20 h or less. A maximum corvro-
sion rate of 3.5 um/h was obtained by Brown and coworkers at the temper-—
atures shown in Table 2 for steel and type 316 stalnless steel.® Although
this corrosion rate projects to an annual rate of about 31 mm/year, such a
projection is not justified because corrosion rates usually decrease with
increasing exposure time unless corrosion products are somehow removed.

In both studies corrosion rates were roughly proportional to the wvapor
pressure of the principal reaction product, which in the case of iron-base
alloys was ferric chloride. The study by Brown and coworkers revealed
higher corrosion rates in dry Cl, than in dry HC1 (ref. 5). Higher corro-
sion rates were obtained when C1,~0.4% H,0 and HC1-0.2% H,0 were used until
a temperature of 371°C was reached. Above 371°C corrosion rates were the
same as those obtained with dry Cl, and HCl. Corrosion rates in HCl-air
and HC1-10%Z SO, mixtures were similar to those obtained with dry HC1.

Miller and Krause reported a maximum corrosion rate of about 1.5 pum/h
for steel, low—alloy steel, and types 304 and 321 stainless steel exposed
for 122 to 389 h to combustion gases containing SO, and HC1l (ref. 6).
Electron microprobe analysis revealed the presence of Cl, §, Pb, Zn, Fe,

Na, K, Ca, Al, Si, Sn, Ni, and Cr in the corrosion product or at the



Table 2.

Summary of corrosion results obtained by other investigators

Test Temper-— Corrosion
Material Atmosphere pericd ature rate Source,
(r) (°c) (um/h) reference
Steel Dry Cl, 8 Max 77251 0.02-0.03  Heinemann, Garrison,
Haber"
Steel Dry Ci, 20 Max 121232 ¢.1-3.5 Brown, DeLong, Auld®
Type 316 Dry Ci, 20 Max 316482 0.1-3.5
Steel Dry EBC1 20 Max 260621  0.1-3.5
Type 316 Dry HC1 20 Max 371649 0.1-3.5
Steel, Combustion gases 122389 177427 0.5-1.4 Miller, Krause®
1.25 Cr-0.5 Mo with 90-115 ppm 191413 0.6-1.7
HCY and 40106 ppm
S0,
Type 304 413607 0.5
Type 321 454621 1-1.5
Steel Synthetic combustion Not 427538 0.02-0.2
gases with 250 ppm given
502
Steel Synthetic combustion Not 427 0.03
gases with 250 ppm glven
50, and 200 ppm HC1
Steel Combustion gases 828 204-454 0.1-0.5 Krause, Vaughn,
with 2-303 ppm SO, Miller’
and 5-115 ppm HCI1
Steel, 1.25 Cr- Combustion gases with Not 163510 ¢.5-1.8 Krause, Vaughn,
3.5 Mo ~3-300 ppm HCY, S0, glven Miller®
not given
Types 304 and 321, 329649  0.4-1.4

Incoloy 825



Table 2. (continued)
Test Temper- Corrosion
Material Atmosphere period ature Source,
(h) (°C) reference
Steel Combustion gases with
0.5% ¢1, 0.25% S <10 149-593 1 Vaughn, Krause,
6.75% €1, 0.25% S <10 149593 2. Boyd?
2.5% €1, 0.25% S <10 149-593 2.
0.5% C1, 1.0%s <10 149-593 1.3-8.1
0.5% ¢i, 1.75% S <10 149593  0.3-3.1
Type 316 0.5% ¢1, 0.25% 8 <10 593 1.5
0.75% €1, 0.25% 8§ <10 593 3.1
2.5%2 c1, 0.25% 8 <10 593 1.8
0.5% C1, 1.0% § <10 371593  0.1-0.3
0.5% €1, 1.75% S <10 371593 0.1-0.4
Incoloy 825 0.75% C1 <10 371 2.
2.5%2 CL <10 371 0.
Steel Synthetic combustion ~256 540 0 Mayer, Manolescul®
gases:
14.17% CO,, 81.5% N, 700
4.0% 0,,
0.2% €0, 0.2% S0O,, 1000
0.1%7 HCL
1.25 Cr-0.5 Mo ~256 540
700
1000
Type 321 ~4 50 540
700

1600




corrosion Interface in most specimens. The exposure period also included
intervals during which the specimens were at temperatures below 200°C in
molsture-contalning atmospheres. Corrosion rates lower than 1.5 um/h were
obtained for steel (at comparable temperatures) exposed to synthetic com—
bustion atmospheres containlng either S0, or SO0, plus HC1.

Krause, Vaughn, and Miller’ obtained a mazimum corrosion rate of
about 0.5 pym/h for steel exposed 828 h to a combustion atmosphere similar
to that used by Miller and Krause.® The lower corrosion rate that they
obtained might reflect the frequent observation that initially high corro-
sion rates gradually decrease with increasing exposure time.

Krause, Vaughn, and Miller reported maximum corrosion rates of
1.8 um/h for steel and a low—alloy steel and 1.4 um/h for types 304 and
321 stainless steel and Yncoloy 825 at the temperatures shown in Table 2
(ref. 8.) The corroding environment was a combustion atmosphere con~
taining HC1l and possibly S0,. The corrosion rates were similar to those
reported by Miller and Krause;® in fact, these might be substantially the
same data.

In tests of 10 h or less Vaughn, Krause, and Boyd determined corro-
sion rates of steel, type 316 stainless steel, and Incoloy 825 exposed to
combustion gases containing additions of sulfur as the element and chlorine
as polyvinyl chloride.? The data indicate that the corrosion rate of steel
increased with increasing chlorine content at constant sulfur content. At
constant chlorine content the corrosion rate passed through a maximum with
increasing sulfur content. The corrosion rate of type 316 stainless steel
decreased with Increasing sulfur content, and the corrosion rate of
Incoloy 825 decreased with increasing chlorine content. These trends,
however, are based on short exposure times and might not continue with
longer exposure. Other data, not shown In Table 2, indicated that corro—
sion rates increased with increasing combustion gas temperatures, sug-
gesting that specimen surface temperatures were actually higher than were
recorded.

Mayer and Manolescu studied corrosion of materials inm synthetic com-
bustion gases containing SO, and HC1 at 540, 700, and 1000°C (ref. 10).

Corrosion rates in the synthetic combustion gases were lower (at comparable



or even higher temperatures) than reported by Miller and Krause® for the
same materials exposed to actual combustion gases contalning approximately
the same amounts of 50, and HCl. The difference might have been caused by
one or more metallic elements 1in the actual combustion atmospheres used by
Miller and Krause, who also obtained lower corrosion rates in synthetic
atmospheres.®

In summary, previous studies of corrosion of steels, stainless steels,
and a nickel-base alloy have been conducted in Cl; and HCl gases and in
actual and simulated combustion atmospheres. Test periods ranged between
a few hours and about 800 h. Corrosion rates were higher in actual com-
bustion atmospheres than in simulated atmosphéres. The corrosion rate of
steel increased with increasing HCl content in the combustion atmosphere.
Stainless steels, as expected, were more resistant to corrosion than was
steel or low-alloy steels. Corrosion rates were 0.1 um/h or more during
typical test periods of a few hundred hours. Although 0.1 um/h projects
to an annual corrosion rate of 0.87 mm/year (0.034 in./year), such a pro-
jection is not justified because actual corrosion rates usually decrease
with time unless corrosion produéts are nonpassivating or their removal is

accelerated.
SPECIMEN PREPARATION

Specimens measuring approximately 25 by 38 by 3 mm were cut from
sheet stock of plain carbon steel, types 316 and 347 stainless steel, and
alloy 800. Specimens of type 405 stainless steel were obtained from
13-mm-0D by 0.9-mm—thick~wall tubing by first cutting 38-mm-long sections,
then cutting each section along a diametral plane. Holes measuring about
2 mm in diameter near one end allowed the specimens to be hung from a rack
during the exposure.

Specimens were tested in as-received, annealed, and welded conditioms.
The microstructures: and corrosion behavior of as-received materials, as
will be shown, were substantially the same as those of materials that had

been annealed. The annealing conditions were as follows:
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® plain carbon steel and type 405 stainless steel — 910°C, 10 min,
helium atmosphere, furnace cooled;

® types 316 and 347 stainless steel — 1075°C, 15 min, helium atmosphere,
water quenched; and

e alloy 800 — 1050°C, 5 min, helium atmosphere, cooled by transferring

specimens to water-cooled zone of furnace tube.

Welded specimens wevre prepared by forming a fuslon zone along the
longftudinal centerline of specimens in the as-received condition. The
gas tungsten arc process was used without addition of filler metal. A4ll
specimens were grit blasted, rinsed in alcohol, and dried before installa-

tion in the test furnace.
TEST CONDITIONS

Specimens hung from a rack in a 62-mm—ID ceramic tube (long axis
horizontal) heated by a furnace. Because a temperature gradient occurred
along the furnace, the location determined specimen temperatures. The
specimens hung three abreast as shown schematically in Fig. 2 and in the
photograph in Fig. 3. The type 405 stainless steel and plain carbon steel
specimens were located at the gas inlet and outlet ends of the heated
zone, vespectively, and the other specimens were located at intermediate
hotter positions. Specimens hung with long dimensions vertical, spaced
about 25 mm apart in the longitudinal direction of the furnace tube and
10 mm apart in the diametral direction.

Synthetic flue gases were prepared by mixing air, ¥,, CO,, H,0, Cl,,
and HCl. Each gas except H,0 was metered with conventional tube-and-float
flowmeters. The N, and CO, bubbled through water at about 44°C, resulting
in transfer of about 5 g/h of water vapor into the Ffurnace tube. The
total flow rate of gases required less than 1 cm3/min each of Cl, and HC1
to obtain the desired concentrations. Because such low flow rates could
not be metered with existing flowmeters, a mixture of air, Cl,, and HC1
was prepared by metering 4700 cm3/win of air and 10 cm3/min each of

Cl, and HC1 into a manifold. Most of this mixture was vented; however,
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200 cmd/min of the mixture containing about 0.2 vol % each of Cl, and HCI
was metered into the furnace tube along with the other gases. The ioadi-
cated flow rates of individual gases in the mixture are shown in Table 3.
The total chloride content in the mixture was determined by bubbling the
@ixture through two successive 0.1 N NaOH solutions to capture HCL and
Cl,. Analysis of the solutions indicated that the gas mixture contained
0.024 vol 7 total chloride at the inlet end of the furnace compared wirh
0.014 vol 7% total chloride indicated by the flowmeters. After contactlng
the specimens at temperature, the mixture contained by analysis

0.0192 vol % total chloride. The analyses therefore indicated that the
HC1 and Cl, flow rates were higher than intended. The total volumetric

gas flow rate was 5960 cm3/min, and the linear flow rate was 200 ca/win.

Table 3. Composition of
synthetic flue gases

Gas Flow rate? Concentration
(cm3/min) (vol %)

N, 4700 79

05 1020 17

co, 120 2

H,0 120 2

ci, 0.4 0.012

HC1 0.4 0.012

AMeasured at about 25°C
except H,0, which was not
directly metered.

The candidate materials, their anticipated use temperature in the
boller, and the range of temperatures in this test are shown in Table 4.
The test temperature range slightly exceeded the estimated use temperature
of type 316 stainless steel and alloy 800. Plain carbon steel and type
405 stainless steel were tested over a wider range, and the maximum test

temperature exceeded the estimated use temperature by about 300°C.
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Table 4. Conditions of corrosion test

Atmosphere: Synthetic flue gas
Duration: 3000 h with intermediate measurements
after 500 and 1500 h

Temperature, °C

Plain carbon steel 240--560 (250-290)a
Type 405 220560 (250-290)4
Type 316 625-660 (600)4
Alloy 800 605665 (600)2
Type 347 650 (60014

9Anticipated temperature in fluidized-bed
waste heat recovery system.

RESULTS

CORROSION RATES

The thickness of uncorroded specimens of each material in as-received
and annealed conditions was measured on polished samples on an optical
metallograph with an integral calibrated scale. At least three measure-—
ments were made at different locations to obtaln an average pretest
thickness X3. Simllarly the average thickness of unattacked metal X;
was measured on corroded samples. The thickness of unattacked metal was
measured from the deepest graln boundary penetration on one side of the
sample to the deepest penetration on the other side. The depth of
corrosion d was then calculated from the expression d = (X; — X)/2.

The corrosion results are summarized in Table 5. The depth of corro-
sion of plain carbon steel in both the as-received and annealed conditions
Increased with both time and temperature, and the corrosion rate increased
with temperature. The annual corrosion rate projected linearly from the
results after 3000 h ranged from about 0.04 mm/year (0.002 in./year) at
240°C to 0.59 mm/year (0.023 in./year) at 560°C. At the estimated use
temperature for this material (250-290°C) the projected annual corrosion
rate is about 0.1 mm/year (0.004 in./year). The depth of corrosion and
corrosion rate of type 405 stailnless steel were substantially the same in
both conditions. The linearly projected annual corrosion rate at 560°C is
only about 0.08 mm/year (0.003 in./year) compared with about 0.59 mm/year
(0.023 in./year) for plain carbon steel.



Table 5. Summary of corrosion results for candidate materials exposed to
synthetic flue gases

Corrosion rate

Depth of corrosion {um) Corrosion rate (nm/h) .
- orojected from
Tempera- for cumulative exposure for cumulative exposure 3000-h exposure
Material Condition ture times {(h) of times (h) of P
(°cy e S — ————— P
500 1500 3000 500 1500 3000 (mm/ — {in./
year) year)
Plain carbon As received 240 0 10 30 0 7 10 0.09 0.903
steel 430 3 36 61 f 24 20 0.18 0.007
560 38 56 155 76 37 52 0.46 0.018
Plain carbon Annealied 240 0 10 19 0 7 5 0.04 0.002
steel 430 5 18 46 in i2 15 0.13 0.995
560 41 107 201 82 71 a7 0.59 0.023
Type 405 SS As received 220 0 0 10 0 0 3 0.03 0.001
340 0 0 13 0 0 4 0.04 0.001
475 0 0 8 0 0 3 0.03 0.001
560 5 g 28 1 5 9 0.08 0.003
Type 405 SS Annealed 220 0 8} 23 0 0 8 0.07 0.003
340 0 0 20 0 ¢} 7 0.06 0.9502
475 0 0 13 0 0 6 0.05 0.002
560 0 13 20 0 9 7 0.06 0.002
Type 316 SS As received 625 48 51 A4 96 34 21 0.18 0.007
660 43 53 66 &6 35 22 0.19 0.008
Type 316 SS Annealed 625 48 51 74 96 34 25 0.22 0.009
560 33 36 56 Af 24 19 0.17 0.007
Type 347 SS As recelived 650 46 31 n.27 0.0114
Type 347 SS Annealed 650 46 31 n.27 0.011d
AlToy 800 As received 505 10 20 46 20 13 15 0.13 0.005
S 40 15 25 46 30 17 15 0.13 0.005
665 10 36 38 20 24 13 0.11 0.N04
Alloy 80C Annealed 605 15 23 33 30 15 11 7.10 0.004
540 i8 18 28 35 12 9 0.08 0.0903
665 20 25 30 49 17 10 0.09 0.003

Aprojected from 1500-h exposure.

71



Both type 316 stalnless steel and alloy 800 exhibited decreasing
corrosion rates with increasing exposure time. Linearly projected annual
corrosion rates at 625°C are about 0.20 and 0.10 mm/year (0.008 and
0.004 in./year) for type 316 and alloy 800, respectively. Type 347
stainless steel was tested only during the final 1500-h period. The
projected annual corrosion rate based on a 1500-h exposure was about
0.27 mm/year (0.011 in./year). As in the case of previocusly discussed
corrogion results, the linearly projected rates represent maximum values,
which would probably not be maintained during longer exposures.

Oxidation of metals often follows the parabolic relationship X2 = ki,
where X is the thickness (depth) of oxidized metal, ¢ is time, and % is
the parabolic counstant. According to this relationship the rate of
oxidation, instead of remalnling constant, actually decreases with
increasing time. Because the relationship derives from an expression for
unidirectional diffusion, oxidation by diffusion of metal or oxygen through
an oxide layer is the implied wechanism. An essential condition,
therefore, for conformance to the parabolic relationship is formation of
an adherent oxide layer, the diffusion path. TIf the oxide layer is
periodically disrupted and the metal surface exposed, then the oxidation
rate will 1increase.

If a plot of X vs /E'yields a straight line, the data obey the para-
bolic relationship. The plots for plain carbon steel in Fig. 4 were almost
linear at 240 and 430°C, indicating approximate agreement with the parabolic
relationship. Plots for plain carbon steel and type 405 stainlegs steel at
560°C deviated upward, indicating slightly accelerated corrosion rates. The
corrosion products that formed at 560°C were shown by x-ray diffraction to
be Fe,045 and Fe30, on plain carbon steel and Fe,03 and FeCr,0, on type 405
stainless steel. These oxides, being less dense than the metals, might
have been neither adherent nor protective, as indicated in microstructures
to be shown. 1In addition, loosening or removal of corrosion products
during planned interruptions at 500 and 1500 h might have caused higher
corrosion rates than would have occurred during an uninterrupted isothermal

axposure.
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Plots of the data for type 316 stainless steel are linear if the
data for 500 h are neglected as shown in Fig. 4. The depths of corrosiocn
at 500 h appear to be unusually large compared with the data at 1500 and
3000 h. Also, the depths of corrosion were higher at 625 than at 660°C,
suggesting that measuring errors occurred. The data for alloy 800 can be
plotted linearly within the scatter band shown in Fig. 4. These materials
would be expected to exhibit linear oxidation behavior (with square root
of time) in air at the temperatures of this test because both form
adherent protective oxides. The data do not indicate that accelerated
corrosion occurred in the simulated flue gas in this test, and corrosion

rates actually decreased with time, as shown in Table 5.
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GENERAL APPEARANCE AND MICROSTRUCTURE

Plain carbon steel speclmens were gray-brown or brown after exposure.
The oxide adhered to specimens exposed at 240°C, became partially detached
from specimens exposed at 430°C, and was a loose scale on specimens
exposed at 560°C. The oxlde on type 405 stainless steel specimens varied
from dark brown to reddish brown with incteasing exposure temperature and
was a loose scale on specimens exposed at 560°C. Type 316 specimens had a
mottled gray flaky scale, and alloy 800 had a reddish brown adherent
scale.

Typical microstructures of plaln carbon steel are shown in Fig. 5.
Exposure at 240 and 430°C produced a rough interface between corrosion
product and metal, probably because of different rates of attack on grains
of different orientation. The interface was smoother at 560°C, and corro-
sion was significantly faster (Table 5). X~-ray diffraction revealed that
the corrosion product was hematite (Fe;03) at 240°C and a mixture of hema-
tite and magnetite (Fe30,) at 430 and 560°C. Magnetite, with an oxygen-—
to~iron ratio of 1.33, is the darker material adjacent to the metal.
Electron microprobe analysis did not reveal chlorine in the corrosion prod-
uct or underlying metal. The limit of detection for chlorine was about
0.1 wt %; therefore, lesser amounts of chlorine might have been present.
Microstructures of type 405 stainless steel specimens in Fig. 6 show a
rough interface between corrosion product and metal at all test temper-
atures. Although x-ray diffraction indicated only hematite, the corrosion
product of the specimen exposed at 560°C consists of two distinct layers
as observed for plain carbon steel at 560°C. Etching the specimen exposed
at 560°C showed grain boundary attack near the surface, but electron
microprobe analysis did nct reveal chlorine in the grain boundaries or in
the corrosion product. Chlorine was found in the corrosion product of the
specimen exposed at 220°C.

Typical microstructures of type 316 stainless steel specimens are
shown 1in Fig. 7. The graln structure is more clearly outlined in exposed

and etched specimens than in the annealed specimen because exposure at 625
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Y-185090 Y-185091 Y-185092 Y-185093

Y-185106 Y-185107 Y-185108 Y-185109

ANNEALED 240°C 50 ym_, 430°C 560°C

Fig. 5. Microstructures of plain carbon steel. {a) As polished. (D) Etched with 2% Nital. TInitial condition and exposure temperatures (500 h) are indicated.
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Y-185078 Y-185079 Y-185080 Y-185081 Y-185082

{a) ,, =

Y-185094 Y-185095 Y-185096 Y-185097 Y-185098

ANNEALED 220°C 340°C 475°C

560°C
50 um

Fig. 6. Microstructures of type 405 stainless steel. (a) As polished. () Etched with aqua regla. Initial condition and exposure remperatures (500 h) are
indicated.
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Y-185083 Y-185084 Y-185085

Y-185009 Y-185100 Y-185101

{b)

ANNEALED 625°C 660°C

50 #m

Fig. 7. Microstructures of type 316 stainless steel. (a) As polished. (b) Etched with aqua regia. Initial condition and exposure temperatures (500 h) are
indicated.
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and 660°C caused precipitation of carbides at grain boundaries. This pre-—
cipitation causes increased susceptibility to intergranular attack in
aqueous solutions. The small amount of corrosion in type 316, however,
suggests that graln boundary precipitation did not accelerate corrosion in
the gaseous environment of thils test. Microstructures of type 347, the
stabilized stainless steel, are shown In Fig. 8. The corrosion penetra-
tions in the as-polished sample [Fig. 8(a)] suggest intergranular attack;
however, etching revealed that the actual grain size [Fig. B(b)] was
larger than indicated by the corrosive attack. Comparison with type 316
in Fig. 7 shows that grain boundaries were less clearly revealed by etch-
ing. Less grain boundary precipitation occurred in type 347 after 1500 h
at 650°C than in type 316 after 500 h at 625 and 660°C. The corrosion
rates for types 347 and 316 after 1500 h were substantially the same, as
shown previously in Table 5. Alloy 800 specimens (Fig. 9) exhibit grain
boundary precipitation similar to that in type 316, and grain boundary
attack 1is evident. Nevertheless, corrosion rates for this more oxidation~
resistant material were no hilgher than those for type 316 stalnless steel.
The corrosion products on type 316 and alloy 800 were hematite, chromia
(Cr,03), and chromite (FeCr,0,). Electron microprobe analysis did not
reveal chlorine in specimens of elther material. Figures 7 and 9 show
that the corrosion products on both type 316 stainless steel and alloy 800
were partially detached, although this might have occurred during cooling
to room temperature.

Welded specimens were included in this test to determine 1f corrosion
in the fusion or heat—-affected zones occurred at a different rate from
that In base metal. Figure 10 shows that corrosion In the weld areas was
not substantially different from that In the base material in any of the

specimens exposed at the highest temperatures used in this test.

DISCUSSION AND CONCLUSIONS

The results of previous corrosion studies, summarized in Table 2,

revealed lower corrosion rates in synthetic flue gases than in actual flue
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Y-185086 Y-185087 Y-185088 7185089

Y-185102 v-185103 V185104 —
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%

i
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Q
ANNEALED 605°C L 50 ym 640°C 665°C

Fig. 9. Microstructures of alloy 800. (a) As polished. (b) Etched with aqua regia. Initial condition and exposure temperatures (500 h) are Indicated.
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Fig. 10. Microstructures of
welded specimens after exposure to
synthetic flue gas. (g) Plain car—-
bon steel. (D) Type 405 stainless
steel. (e) Type 316 stainless
steel. (d) Alloy 800. Etchant:
aqua regia.
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gases at about the same temperatures. Actual flue gases In the cases pre-
sented in Table 2 were incinerator combustion products containing elements
and compounds derived from the waste materials being burned.®”? Analysis
of the corvoslon products revealed the presence of some of the elements,
and these might have aggravated corrosion. The corrosion rates obtailned
in the present study with synthetic flue gases were similar to those
obtained in previous studies with synthetlc flue gases. For example, the
corrosion rate of steel in synthetic flue gases at about 550°C was 0.1 um/h
after 256 h in a previous study10 and about 0.08 um/h after 500 h in the
present study. The corrosion rate of type 321 stainless steel was

0.05 um/h after 450 h at 700°C in a previous study, !0 while type 316
stainless steel corroded at the rate of about 0.08 um/h after 500 h at
660°C in the present study. Thus, the results obtained in this study for
plain carbon steel and type 316 stainless steel agree with those of a pre-
vious study in which exposure times were a few hundred hours.

Plain carbon steel and type 405 stainless steel were tested at tem—
peratures significantly above their anticipated use tewmperatures in the
FBWHRS. The data indicate that plain carbon steel, 1f exposed continuously
to flue gases at 560°C, would corrode at a rate exceeding 0.6 mm/year
(0.02 in./year). The actual corrosion rate would depend on the frequency
of scale removal due to thermal cycling or other reasons. Type 405
stainless steel, even at 560°C, still exhibited a projected corrosion rate
of only 0.08 mm/year (0.003 in./year). Type 316 stainless steel and
alloy 800, which were tested at temperatures approximately the same as
thelr anticipated use temperatures in the FBWHRS, exhibited projected
corrosion rates of 0.2 and 0.1 mm/year (0.008 and 0.004 in./year),
respectively. These materials might also corrode at higher rates if the
corrosion products were frequently removed by erosion or some other means
to expose fresh surfaces.

Removal of corrosion products by erosion is likely to occur In the
FBWHRS. Some areas of the distributor plate, containment walls, and steam
generator tubes will be subjected to the scrubbing action of the bed

medium. Metal wastage might therefore be accelerated by both erosion and
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corrosion. This would be especially Important when the inlet gas tem-
perature ig increased from 650 to 1000°C, as is belng considered for an
advanced version of the device. Future work should include combiliaed
erosion~corrosion studies at higher temperatures than those used in the
present study.

The possibilities of iIntergranular corrosion and stress corrosion
cracking should also be counsidered in future work. The present work
showed that carbides precipitated at grain boundaries of type 316 stain—
less steel and alloy 800 during the corvosion test at temperatures of
interest to the FBWHRS. Recause the carbides typically contain chrowium,
migration of chromium to graln boundary precipitates rvesults in lower
chromium conteont in rvegions adjacent to grain boundaries. These reglons
are susceptible to intergranular attack in corrosive environments, such as
condensate occurring during perlods when the FBWHRS is shut down. Another
phenomenon, stress corrovsion cracking, does not require grain boundary
precipitation. Instead, stainless steels and other materials fail in cer-
tain environments, especially those countalning aquecus chlorides; by crack
propagation at stresses well below yleld stresses. Because many aluminum
remelt furnaces contain chlorides, stress corrosion might occur when
aqueous condensate 1s present. The present work has not addressed either
of these possible corrosion mechaniswms.

The results that we have presented indicate that corvosion of candi-
date FBWHRS materials in the aluminum rewmelt furnace atmosphere will not be
significant at anticipated operating temperatures for various components.
Factors that could cause higher corrosion rates include higher temperatures,
frequent thermal cycles, erosion, and rhe presence of other elements and
compounds in the flue gas. In particular, deposition of combustion prod-
ucts might aggravate corrosion, as 1s Indicated in the results of previous

studies involving actual flue gases.
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