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The outer layer of scale/deposit in sample 347-12 in Figure 13 exhibited the top
spectrum. The subsurface sulfides in that sample are shown in the bottom spectrum.

Corrosion on the OD and intergranular oxidation on the 1D of 253MA-14 are
shown.

The spectrums of the outer layer, inner layer, and subsurface sulfides are shown in
the top, middle, and bottom spectrums respectively for 253MA-14 in Figure 15.

Pitting and intergranular attack on the OD from the 800H-10 and 20 samples are
shown.

The spectrums of the outer layer, inner layer, and subsurface sulfides are shown in
the top, middie, and bottom spectrums respectively for 800HT in Figure 17.

Alloys 310 modified, HR3C, and NF 709 are compared. The 310 modified showed
the least attack.

The spectrums of the outer layer, inner layer, and subsurface sulfides are shown in
the top, middle, and bottom spectrums respectively for NF 709 in Figure 19.

Only the ID attack of the lean stainiess steel base material can be seen on the 671-
16 sample.

One mil of internal oxidation was observed on the OD of 690-17 (top). The ID
attack of the lean stainless steel can be seen in the bottom photomicrograph.

Some slight surface attack can be seen on the Fe;Al-18 sample. Also, cracks up to
5 mils deep can be seen in both samples.

Total wastage vs. the chromium level in the samples for the two different tempera-
ture bands is shown.




~ ABSTRACT

In Phase | of this project, a variety of developmental and commercial tubing alloys
and claddings was exposed to laboratory fireside corrosion testing simulating a superheater or
reheater in a coal-fired boiler. Phase ll {in situ testing) has exposed samples of 347, RA85H,
HR3C, 253MA, Fe;Al + 5Cr, 310 modified, NF 709, 690 clad, and 671 clad for over
10,000 hours to the actual operating conditions of a 250-MW coal-fired boiler. The samples
were installed on air-cooled, retractable corrosion probes, installed in the reheater cavity,
controlled to the operating metal temperatures of an existing and advanced-cycle, coal-fired
boiler. Samples of each alioy are being exposed for 4000, 12,000, and 16,000 hours of
operation. .

The present results are for the metallurgical examination of the corrosion probe
samples after approximately 4400 hours of exposure.




SECTION |
INTRODUCTION

High-temperature fireside metal wastage in conventional coal-fired steam generators
can be caused by gas-phase oxidation or liquid-phase coal-ash corrosion. Gas-phase oxidation
is usually not a problem if tube and support materials are selected for their oxidation resis-
tance at operating temperatures and for spalling, flaking, or other reactions to their environ-
ment. Coal-ash corrosion, on the other hand, usually results in accelerated attack and rapid
metal wastage—even of stainless steels. The cause of this type of corrosion is generally ac-
cepted as the presence of liquid suifates on the surface of the metal beneath an overlying ash
deposit'*.

While substantial progress has been achieved through laboratory testing, actual utility
service exposures are evidently necessary to verify any conclusions drawn from laboratory
testing. A number of important environmental parameters cannot be fully simulated in the
laboratory®:
®  The actual composition of the deposits formed on the tubes is more complex than the
composition of the simulated ash.

The SO,, formed by heterogeneous reaction on cooled surfaces, is variable.
Very large temperature gradients occur within the ash deposits.
The ash and fuel gas move past tubes at high velocity; the rate varies with design.

The composition of the corrosive deposits changes with time.

Metal and flue gas temperatures fluctuate.

Fly-ash erosion removes the protective oxides, exposing a clean surface to fresh ash.

Foster Wheeler Development Corporation (FWDC) has performed a number of literature
reviews and recent updates discussing the variables affecting the corrosion mechanism®®,
Additionally, Foster Wheeler has conducted two sizable research projects—one a laboratory

51214 3nd this program

and in situ field testing at three utilities of commercially available alloys
(ORNL-FW2), combining laboratory and field testing to more completely cover the controlling

variables for a longer duration'®.




SECTION i
PHASE | RESULTS

In Phase | of this ORNL program, "Fireside Corrosion Testing of Candidate Superheater
Tube Alloys, Coatings, and Claddings,” 20 commercial and developmental alioys listed in
Table 1 were evaluated'®. The coupons of the metals were exposed to multiple types of
synthetic coal ash and synthetic flue gases at 650 and 700°C (1202 and 1292°F) for up to
800 hours. The average thickness loss rate for 14- to 48-percent chromium-containing alloys
and the intermetallic aluminides are shown in Figures 1 through 3.

Chromium content was found to be the largest factor in determining the resistance of
an alloy to liquid coal-ash corrosion. For stainless steels and nicke! alloys, additions of chro-
mium up to 25 percent provide increased resistance to coal-ash attack; however, above the
25-percent chromium level, there appears to be minimal benefit from more chromium, possi-
bly because of the higher nickel content of those alloys.

Molybdenum, on the other hand, may be detrimental to corrosion resistance. Silicon
and aluminum were also beneficial, but to a lesser extent. The iron aluminide intermetallics
also show a chromium dependence. Aluminides containing 5-percent chromium performed
markedly better overall than those containing 2-percent chromium. The more resistant alloys
show lower corrosion rates at longer exposure times, indicating the formation of a passive
layer; the less-resistant alloys exhibit increasing corrosion rates at longer exposures. Lower-
chromium alloys generally suffered greater wastage rates at the higher testing.“'temperature
[700°C (1292'°F)], while higher-chromium alloys suffered the same amount of wastage at 650
(1202) as at 700°C (1292°F).

Both the alkali content in the ash and SO, concentration in the flue gas affect the cor-
rosivity of the alkali-iron-trisulfates in the ash layer. An increase in either resulted in a more

corrosive environment and higher wastage rates.

- SECTION IH
PHASE Il CORROSION PROBE TEST PLAN

In this project, the field tests comprise corrosion probe testing, coal characterization,
and deposit/corrosion product analysis. The coals have been analyzed to provide fuel charac-
terization, a depdsit analysis data bank, and possibly a corrosivity index for predicting corro-

sivity under various combustion conditions. The equipment and the procedures for this phase

2
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have been previously used and perfected at three different utilities for over 3 years of in situ
testing at each station.

The utility for test exposures should be burning an aggressive fuel to adequately evalu-
ate the candidate alloys. The coal being burned at Tennessee Valley Authority's (TVA's)
Gallatin Station had been previously analyzed, and numerous corrosion indices predicted high
corrosivity in addition to the fact that installed T22 and Type 304SS tubing experienced

about 7 years of life in the superheaters and reheaters of units 1 and 2.

Selecti f Materials for C ion Prol
FWDC laboratory-tested 20 different materials'®. Because this quantity was impracti-

cal from both an economic and a probe-length standpoint, fewer (the ten listed in Table 2)

had to be selected for the field tests. These materials provide a range of compositions and

cost for both the commercially available and developmental alloys and claddings.

Table 2. Chemical Composition of Candidate Alloys (%)

Alloy Cr Ni Others

Type 347 17-19 9-13 |(Nb + Ta) = 10 x C
{min.)

85 H 18 15 Al =1,8Si = 3.9

NF 709 20 25 Mo = 1.5, Mn = 1.0, Si
= 0.6

690 Clad/LSS*® 30 58

671 Clad/LSS® 48 52

Fe,Al + 5% 5 --- Al = 17

Cr

HR3C 25 20 Nb = 0.4

253 MA 21 11 Si = 1.7

310 modified 25 20 Ta = 1.5

800HT 21 32 Al + Ti =1

*Chemistry listed in Table 1.




The corrosion probes were designed to provide realistic exposures of metal samples to
both actual boiler environments and also at the higher anticipated metal temperatures of an
advanced plant. The parameters are independent from the main boiler, removal without a
boiler outage, and a fail-safe design, one that removes the probe from the boiler if there are
any malfunctions. With these features, years of testing will not be compromised with a
sudden system overheating.

The probes are being exposed for 4000, 12,000, and 16,000 hours. This is being
accomplished by utilizing two probe test locations. At one test location, the probe is being
exposed for 16,000 hours. At the other test location, the probe will be removed after
4000 hours and a new probe inserted for the remaining 12,000 hours.

Each probe is a 2.56-m (8.4-ft)-long, 60.20-mm (2.37-in.)-OD tube that extends into
the furnace for approximately 2.3 m (7.6 ft). Ring samples [38.1 mm (1.5 in.) wide] of the

candidate alloys listed in Table 2 were installed at the end of the probe farthest from the
furnace wall. The probe is cooled by air that flows in the annular region between the probe
tube ID and the tapered inner tube OD. The tapered in'ner tube was designed to obtain two
bands of temperature on the outer surface of the samples. The alloy samples were duplicated
in such a manner as to expose each alloy to a temperature in each of the temperature bands
[621 to 677°C (1150 to 1250°F) and 677 to 727°C (1250 to 1340°F)1.

Each probe has a retraction mechanism and three K-type thermocouples in duplicate to
monitor the mean tube wall at the beginning and end of each test section group. A
19.95-mm (3/4-in.) OD x 6-ft-long thermowell with sheathed thermocoupie was mounted
between the corrosion probes to measure flue gas temperature. Each probe has its own
cooling-air control valve.

The control system monitors the selected control thermocouple and modulates the
airflow to maintain an average surface metal temperature for each temperature band. The
probes retract automatically if failure of the cooling-air supply system or any other malfunc-
tion (instrument signal, power failure, or computer failure) causes the probe temperature to
exceed the set limit of 746°C (1375°F) for 2 minutes. FWDC personnel access the field
computer automatically for probe status and temperature data each morning at 6 a.m. or
manually through its modem. A typical monthly plot of the thermocouples is shown in Fig-
ure 4. The number of hours in various temperature bands are counted as illustrated in Table

3, and the effective temperature ove'r the complete test period is then obtained. Once




Table 3. Temperature Measurements*

Temperature Upper Lower 2::
Band % 34 | s % 34 | 56 1

1- 900 826 | 827| =827| 826| 827| 828| 701
901 - 1000 5 4 4 5 4 9 5
1001 - 1100 5 5 69 13 5| 105 9
1101 - 1150 2 a| 2716 3 2| 214 8
1151-1175 2 2| 1172 2 2| 1796 3
1176 - 1200 1 4| 414 2 2| 314 16
1201 - 1225 4 15 66 3 18] 61 28
1226 - 1250 11| 299 8 6| 1983 8 40
1251 - 1275 26 | 4002 1 27| 2283 1 74
1276 - 1300 115 113 o| 122| 108 o 107
1301 - 1325 869 3 o| 814 23 ol 108
1326 - 1350 1947 1 o| 2553 8 o 137
1351 - 1375 1314 0 o| 790 0 o| 199
1376 - 1400 146 0 0 82 0 o| 259
1401 - 1500 6 0 0 17 1 o| 1330
1501 - 1600 0 0 0 0 0 o| 1734
1601 - 1700 0 0 0 0 0 o 517
1701 - 1800 ) 0 0 0 0 0 3
1801 - 1900 0 0 0 0 0 0 0
1901 - 2000 0 0 0 0 0 0 0
2001 - 3000 0 0 0 0 0 0 0
1101 - 1400 4436 | 4441 | 4376 | 4402| 4426 | 4321 | 4560
Wid. Avg. T.+ | 1339 | 1261 | 1143 | 1336 | 1252 | 1147 | 1485
Total Hours 5276 | 5276 | 5276 | 5263 | 5263 | 5263 | 5276

*From 11/16/94 at 20:20:54 to 06/28/95 at 06:15:10.
tWeighted average temperature (Wtd. Avg. T) is defined as the sum of the products
of time and the average temperature in the band divided total time in the bands. For

probes the bands from 1100 to 1400 are used. For flue gas the bands from 1100
to 3000 are used. ,




the effective temperature is obtained for the ends of each test section, the effective tempera-
ture for each alloy sample can be calculated from the thermal properties of the alloys. The
results are given in Table 4.

The locations in this plant (shown in Figure 5) were chosen because of cavity access
and because they best represent the locations for the reheater or superheater outlet on the .
"Advanced Cycle"” unit.

The ideal coal-ash corrosion probe exposure is when only one coal is being burned at
the plant. This practice is not common at many utilities since most have multiple long-term
coal contracts; in fact, many are buying coal on the spot market. Gallatin burns a number of
eastern high-sulfur coals, mainly Island Creek, Warrior, Dotiri, Pattiki, and Constain, which are
known to be corrosive and prone to alkali-iron-trisulfate formation. The coal analysis for the
Constain coals burned as the primary fuel during the present 4000 hours is given in Table 5.

The Borio Index for these coals typically range from 2.0 to 4.1, and the chloride level is 450

to 3000 ppm.
Table 4. Estimated Average Midwall Specimen Temperatures
Sample Material | Temperature | Sample Material Temperature
1 85H 1156 11 85H 1260
2 347 1166 12 347 1267
3 NF 709 1175 13 NF 709 1275
4 253 MA 1185 14 253 MA 1282
5 HR3C 1194 15 HR3C 1290
6 671 1204 16 671 1294
7 690 1213 17 690 1305
8 Fe,Al 1223 18 FesAl 1312
9 310 1232 19 310 1320
10 800HT 1242 20 800HT 1327




Table 5. Coal Ash Chemistry — Gallatin

Description Constain Description Constain

Proximate, wt% Coal Basis, %
Fixed Carbon 55.9 Fe,O, 1.6
Volatile Matter 34.93 Ca0 0.134
Ash 9.16 MgO 0.07

Ca0 + MgO 0.23
(Eq.)

Ultimate, Wt% Acid Soluble, ppm(w)
Carbon 76.2 Na,0 422
Hydrogen 5.13 K,0 392
Oxygen 6.15 K,O (as Na,0 255

Eq.)
Nitrogen 1.63 MgO 336
Sulfur 1.73 Ca0 604
Ash 9.16 Chloride 2750
HHV, Btu/lb 13,517 Indices
Sulfur, % Borio Index 3.0
Sulfatic 0
Pyritic 1.2
Organic 0.53
Total 1.73
SECTION IV
POST-EXPOSURE ANALYSIS
0 iy Examinati

During the quarterly inspections, FWDC personnel at the site manually retract the
probes, selectively remove deposits, and make ultrasonic wall thickness measurements on the
4000- and 12,000-hour probe samples of the probe set. The 16,000-hour probe is left un--

touched at this time. The quarterly inspections provide preliminary nondestructive corrosion




data before the three destructive examinations. With these data, corrosion can be tracked,
and a total loss of data can be avoided if there is a catastrophic failure. The automatic-
retraction feature, if cooling air is lost and test specimen temperatures become excessive,
minimizes the possibility of such a catastrophic failure.

The laboratory analysis of the removed deposits at FWDC characterizes the composi-
tion and determines whether alkali sulfates are present and aids in interpreting the effect of
fuel changes on coal-ash corrosion. An example of the chemical analysis for the coal ash
collected on the corrosion probe is given in Table 6.

On March 8, 1995, the probes were pulled for maintenance and quarterly ultrasonic
inspection of the 4000-hour probe. On each ring the measurements were taken at two
cleaned locations of approximately 10:00 and 2:00 with the oncoming flue gas at 12:00.
Figure 6 (top) shows the two probes in the retracted position. The nearby soot blower can be
seen to the right of the corrosion probes. The 4000-hour probe was carefully cleaned [as
shown in Figure 6 (bottom)] with a wire wheel and/or sanding disk to remove the deposit and
scale without removing any metal. Thickness losses were calculated, and the range of wall
loss is given in Table 7. These thickness losses were obtained from an ultrasonic reading and,
therefore, should be taken as only relative values. They do not include any internal penetra-

tion measurements and are not as accurate as micrometer and microscopic examination.

Table 6. Deposit Analysis

As Oxide, As Oxide.

Element % Element %
Silicon Dioxide 46.7 Sodium Oxide <0.1
Aluminum 24.5 Potassium Oxide 3.1
Oxide
Titanium 1.6 Sulfur Trioxide 0.7
Dioxide
Ferric Oxide 18.5 Phos. Pentoxide 0.3
Calciuim Oxide 2.0 Loss on Ignition 1.84
Magnesium 0.7
Oxide




Table 7. Ultrasonic Measurement Results (mils)
4000-Hour Probe

Material Test Section 1 | Test Section 2
Thickness Loss | Thickness Loss
800HT 1-4 .
800HT 0-6 0-3
85H 0-4 0-2
347 0-2 0-6
NF 709 0 0-5
253MA 4-5 2.6
671 6-14 8-9
690 0 0-5
Fe,Al 0 0
310 0-2 0-4
800HT 0-5 0
800HT - )

The thickness losses for each alloy are generally higher, as would be expected, in the
hotter Section 1 samples vs. the Section 2 sample. There are some exceptions, but these
results are only interim ultrasonic measurements.

There was quite a variation in the thickness readings and, therefore, no elemental de-
pendencycould be determined. The stability of the readings on the 671 sample at the earlier
inspection was a problem, but that was later resolved with a different U-T meter at the later
inspection.

Again, these uitrasonic readings every 2000 hours are a check on the status of the
alloys and determine relative losses, not absolute measurements which can only be done

when microscopic examination for penetration is performed.

Destructive Testi
At approximately 4400 hours, one probe was remaved, and post-exposure metallurgi-
caI evaluatlon was performed including:

® Visual examination and selective photographlc documentatlon

10




B Selective removal of deposits

®  Disassembly of probes

m  Cutting of two transverse sections through the center of the ring sample
a Light> grit blasting of one transverse ring section of each sample

®  Visual examination of the cleaned samples

B Wall thickness measurements at 45-deg points or maximum loss areas on the leading 180-
deg side of cleaned transverse ring from each alloy

8 Mounting of the uncleaned ring samples to analyze the scale/deposit
® Microscopic measurement of the penetration and calculation of total metal loss

®m  Selective scanning electron microscopy/energy-dispersive x-ray (SEM/EDX) examination to
analyze corrosion mechanism.

The probe was cut to remove the two test sections as shown in Figure 7. Each of the
sample rings was cut into two 1/4-in.-long transverse rings. One was lightly grit blasted and
used for thickness measurements while the other was mounted for microscopic and SEM/EDX
analysis.

The appearance of the transverse cross sections used for the wall thickness measure-
ments is shown in Figure 8. As illustrated, the middle of the sections is approximately the
135-deg location. [Note: Axially oriented grooves, evident at the 180-deg location, are arti-
facts believed to have been caused by a rolier in the guide assembly.] Shallow pitting or
surface irregularity is apparent in samples 1 (85H), 2 (347), and 4 (253MA) in the lower
temperature group, and samples 12 (347) and 14 {253MA) in the high-temperature grohp.
Post-exposure wall thickness readings were made at the 45-, 135-, and 270-deg locations,
and the calculated wall loss at the three locations is presented in Table 8. [Note: Subsequent
microscopic examination revealed most of the wall loss in samples 6, 7, 16, and 17 (671 and
690 clad on LSS) resulted from oxidation of the inside surface and not corrosion of the aut-
side surface. Oxidation of the inside surface also contributed to the wall loss in samples 12
and 14.] Discounting the high values in samples 6, 7, 16, and 17 because of oxidation of the
ID surface, the wall loss values of the specimens in each group were relatively minor. In
correlation with their surface appearance in Figure 8, samples 2 (347) and 4 (253MA) in the
lower-temperature group and samples 12 (347) and 14 (253MA) in the higher-temperature
group exhibited higher values than most of the other alloys. Contrarily, the shallow pitting in

sample 1 {85H) was not indicated by a wall thickness loss, nor was the 1.6-mil wall loss at

11




Table 8. Wall Loss at Measured Locations

Wall Loss* (mils) Wall Loss* (mils)
Sample | Material Sample | Material
45° | 135° | 270° 45° | 135° | 270°
1 85H -0.5 | -1.0 | -0.5 11 85H 0.3 0.5 0.1
2 347 0] 2.7 | -0.2 12 347 2.0 0.9 0.3
3 NF 709 0 0 0 13 NF 709 1.6 03| -0.3
4 253 MA | 1.2 1.9 | -0.1 14 253 MA | 1.2 0.1 0.3
5 HR3C 0.8 09 | -0.2 15 HR3C 0.8 0.6 0
6 671 4.0 2.9 0 16 671 9.7 3.1 1.9
7 690 1.1 | -1.6 0.5 17 690 4.9 3.3 0.9
8 FesAl 4.0 | -3.0 | -1.0 18 FeJAl -1.0 | -1.0 | -2.0
9 310t 0 -0.1 0.4 19 310t 0.1 | -0.2 0.1
10 800HT 0.5 | -0.2 0 20 800HT 0.5 0 0
*Negative number denotes an increase in wall thickness. 1ORNL modified.

the 45-deg location in sample 13 (NF 709) indicated by the appearance of the transverse

cross section in Figure 8.

Short sections from the 45-, 135-, and 270-deg locations of the samples were pre-
pared for microscopic examination. Photomicrographs depicting various surface conditions
{both OD and ID) in the samples are presented in Figures 9 through 13. A summary of the
examination follows.

858H (Figures 9 through 11) — Both 85H samples exhibited intergranular penetration in
the outside surface to a depth of approximately 2.5 mils. Sample 1, which operated at a
lower temperature than sample 11 (1156 vs. 1260°F), displayed more areas of subsurface
attack (which is consistent with the observation of the shallow pitting in this sample in Fig-
ure 8). EDX analysis (Figure 10) revealed the light gray material in the grain boundaries and
pits in sample 1 was chromium-rich oxide with varying amounts of sulfur. The material at
similar locations in sample 11 {Figure 11) was also a chromium-rich oxide but appeared to
have less sulfur than the material in specimen 1. Interestingly, iheoutside surfa‘ce at the

270-deg location in sample 11 also exhibited intergranular penetration to a depth of 2 mils.

12




Both samples also displayed intergranular penetration in the inside surface (Figure 9).
The depth of penetration was 2 mils in sample 1 and 2.5 mils in sample 11. This type of
penetration is not anticipated to have affected the wall thickness measurements.

347 (Figures 12 and 13) — Both 347 samples contained a scale/deposit in the corroded
areas. Sulfide penetration to a depth of approximately 0.5 mil below the scale/deposit was -
also evident in each sample. The outer layer of the scale/deposit (Figure 14) was predomi-
nantly iron oxide with embedded fly-ash particles; the inner layer was a chromium-rich oxide
and contained a small amount of sulfur. The sulfides contained iron, manganese, and chro-
mium.

As illustrated in the bottom photomicrographs in Figure 12, the inside surface of sam-
ple 12 contained a thin oxide with an average thickness of approximately 0.5 mil. This was
similar for sample 2.

253MA (Figure 15) — The 253MA sampile in the hotter section {sample 14) contained a
two-layer scale/deposit, with subsurface sulfide penetration to a depth of approximately 1 mil
below the scale/deposit. The outer layer was iron oxide, while the inner layer (Figure 16) was
chromium oxide with notable additions of silicon and sulfur. The sulfides contained iron,
manganese, and chromium. The inside surface [Figure 15 (bottom photomicrograph)} con-
tained oxide that was approximately 0.8 mil thick.

The outside surface of the sample in the cooler section (sample 4) also exhibited a
two-layer scale/deposit, although it was thinner and present in fewer areas compared to the
OD scale/deposit on sample 14. EDX analysis revealed that the elemental makeup of the
scale layers was similar to that in sample 14. The degree of internal sulfidation was also
lower in sample 4, and the inside surface was free of scale.

BOOHT (Figure 17) — Both 800HT samples exhibited a two-layer scale/deposit with
some minor internal oxidation and sulfidation. The depth of the internal penetration was
approximately 1 mil in each sample. The outer scale layer was iron rich and contained embed-
ded fly-ash particles. The inner layer (Figure 18) was predominantly chromium oxide. The
sulfides contained iron, manganese, and chromium.

310 maodified (Figure 19) — The 310 modified sample in both sections contained a
thin, chromium-rich scale with embedded fly-ash particles. No internal oxidation or sulfidation
was noted.

HR3C (Figure 19) — For the most part, both HR3C samples exhibited a thin, chromium-
' riéh scale on the outside surface. In a few localized areas (middle photomicrograph) on the

hotter section (sample 15), a thicker scale/deposit with subjacent internal oxidation to a depth
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of approximately 1 mil was noted. The outer layer of the scale/deposit was primarily iron
oxide and contained fly ash.

NE 709 (Figure 19) — Most areas in both samples contained a thin, chromium-rich
scale on the outside surface. One localized area (bottom photomicrograph) in the hotter
section (sample 13) exhibited internal oxidation and sulfidation to a depth of approximately
1 mil. The sulfides shown in Figure 20 contained iron, manganese, and chromium.

671 (Figure 21) — Both samples contained a scale/deposit comprised predominantly of
the deposit in the outer layer and a thin, chromium-rich oxide on the metal surface. No inter-
nal oxidation or sulfidation was evident. The inside surface (which consisted of LSS stainless
steel material) contained a 4-mil-thick oxide (bottom photomicrograph) in the hotter section
(sample 16) and a 1-mil-thick oxide scale in the cooler section (sample 6). On the basis of the
microscopic examination, the large calculated wall loss from the wall thickness measurements
for these samples appears to be the result of the internal scaling. The wall loss from the
outside surface is estimated to be less than 1 mil.

690 (Figure 22) — Similar to the 671 samples, both 690 samples displayed a thin,
chromium-rich oxide on the outside surface. In a few areas in the hotter section (top photo-
micrograph), internal oxidation on the OD surface was noted to a depth of approximately
1 mil. No sulfidation was detected in either sample. The inside surface (which also consisted
of LSS stainless steel material) contained a 2-mil-thick oxide scale (bottom photomicrograph)
in the hotter section (sample 17) and a 1-mil-thick scale in the cooler section (sample 7). On
the basis of the microscopic examination, the calculated wall loss from the wall thickness
measurements for these samples also appears to be the result of the internal scaling. The
wall loss from the outside surface is estimated to be less than 1 mil.

Ee AL (Figure 23) — The outside surface of both Fe;AL specimens was essentially free
of any scale/deposit. Shallow pits (bottom photomicrograph) were noted in isolated areas in
the hotter section (sample 18). The material in the pits was predominantly aluminum oxide.
Numerous cracks that initiated from the outside surface were evident in both samples. The

oxide in the cracks was rich in iron and contained some aluminum.

w D .
Wastage is considered the sum total of wall loss (Table 8) and metal rendered ineffec-

tive because of internal penetration of corrosive species (e.g., oxides, sulfides). Since only

the wastage from the outside surface is of concern, wall loss from oxidation of the inside

surface must be discounted. On this basis, the wastage of the specimens determined from
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the macroscopic and microscopic examinations is given in Table 9 and plotted in Figure 24 for

the total wastage without the localized attack in the one NF 709, 690, and HR3C samples.
DISCUSSION

The 4000-hour probe results are the first of three data points being obtained on this
project. The 12,000- and 16,000-hour results will be obtained in mid-1997. The wastage in
the 4000-hour probe was minimal and, therefore, only limited discussion and conclusions can
be made at this time. The analysis of all three probes exposed for longer times will provide a
better data base for discussion.

The corrosion mechanisms observed are combined oxidation and sulfidation. The pit-

ting nature in the attack would also indicate that a molten salt, i.e, alkali-iron-trisulfate, may

also be operative for at least part of the exposure. Previous x-ray diffraction of the corrosion
products on the tubes from the boiler has identifed the presence of potassium-iron-trisulfate.
The alloys with higher chromium levels have the ability to form a more protective chromium
oxide and thus better corrosion resistance to the coal-ash corrosion mechanism.

The silicon and aluminum addition in 85H and the silicon addition in 253MA do not
appear in 4000 hours to provide any increased corrosion resistance. The tantalum addition in
310 modified, on the other hand, is very beneficial in reducing the corrosion.

The fuels burned at TVA Gallatin have a composition which results in a Borio Index of
3. This index is a measure of aggressiveness from the sodium and potassium, and that num-
ber implies a moderate to highly aggressive fuel.

The effect of temeprature was not conclusive from the data of this program, possibly
because of the low wastage measured. Previous programs have shown that the temperature
for maximum corrosion is 8 function of the alloy composition. Alioys with lower corrosion re-
sistance usually have a higher wasage rate at a lower temperature than the alloys with higher
corrosion resistance. This temperature effect will be better evaluated on the probes with

longer exposure times.
CONCLUSIONS

The air-cooled retractable corrosion probes are working successfully and are providing
exposure of each of the nine alloys to two different temperatures. The wastage measure-

ments from the 4000-hour exposure indicate a wastage for 347 of about 2.5 mils. The field
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Table 9. Maximum Total Wastage of Specimens

Sample | Material W:ltl)tl.aclbss Wall Lclygs From 0D P‘enr:::;ation Total(rVr::lass;tage
(mils) Oxidation (mils)

1 85H 0 0 2.5 2.5

2 347 2.7 0.5 0.5 2.7

3 NF 709 0 0 0.5 0.5

4 253 MA 1.9 0 0.5 2.4

5 HR3C 0.9 0 0 0.3

6 671 4.0 1.0 0 <1.0*

7 690 1.1 1.0 0 <1.0*

8 Fe,Al 0 0 0 0

9 310t 0 0 0 0

10 800HT 0.5 0 1.0 1.5

11 85H 0.5 0] 2.5 3.0

12 347 2.0 0.5 0.5 2.0

13 NF 709 1.6 0 (1.0)8 1.6 (2.6)8
14 253MA 1.2 0.8 1.0 1.4

15 HR3C 0.8 0 (1.0)8 0.8 (1.8)8
16 671 9.7 4.0 0 <1.0*

17 690 4.9 2.0 (1.0)8 <1.0* (1.0)8
18 FezAl 0 0 0 o

19 310t 0.1 0 0 0.1
20 800HT 0.5 0 1.0 1.5

*Estimated from microscopic examination. TORNL modified. §Localized areas.

measurements indicate the same benefit of chromium in providing corrosion resistance (i.e.,
the higher the chromium level, the lower the corrosion) as the previous Phase | laboratory
testing. The exception to this is that the iron aluminide with only 5-percent chromium
showed no evidénbe of measurable corrosion. Also, the 310 modified with tantalum per-

formed better than the same 25-percent chromium HR3C with niobium. The data from the
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future 12,000- and 16,000-hour probes will further evaluate whether these preliminary find-
ings are true. The mode of attack for most of the samples is oxidation and sulfidation. All of
these alloys have considerable coal ash corrosion resistance, and the general metal wastage
by a fluxing action is therefore minimal.

Future metallographic and corrosion deposit analyses will verify the wastage rates and

corrosive attack mechanisms (i.e., coal ash, erosion-assisted oxidation, etc.).
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Fig. 6. The two retracted probes on the left and the soot blower on the right are shown in the
top photograph. The bottom photograph shows the cleaned probe for ultrasonic thickness
measurements.
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85H-11 ot mil

85H-1 1 mil

Fig. 9. The intergranular attack on the OD top and ID bottom of each pair of photomicrographs
is shown for samples 85H-1 and 85H-11.




“wnjoads
wo110q 9yl UqIyxa isow Ing wnajdoads dol ayl Moys g a.n
-614 J0 | |-HGg @|dwes ui sauepunoq uiesb mayy *|| “Biy

XYUAI U WART A9 2 ALNDOPE

. 29°9 20 20" I
g
NN LS 1
1
b0
RIS
o
?b

HSB- U
440 -l G 1NDEZZ2E -
53806 2 =3IWIL SHDZ2S6T =3ILux

AQUIN XUd3 TSISSIET S6—d3aAS—A2

HKYGAT U UY/ART ABMNDS 2 ANDEST

s . on°y . _
-
muz_ e, 1S,
d!E i 0
-
16

HS8=- U
440 -1Syd LNDESZ9 -
DTUSIADT =BWIL SdDSS@Z =3ILUn

AQUAN XUA3I TS:BS*ET S6—d3sS—02

‘6 8anbBi4 jo
L-HGg ajdwes ul (wo3310q) SapIXo pue (d0}) SapiINS Wnw
-04y2 22BHNSQNS J0 swnioads X3 ate umoys 0L Big

XPOT U YWWART AIN9D "2 ALNDTE |
| 4 a

: ol v L TN

wis =y ol
g
?é

HSB= o
H4dO -lSac LNDE@9E -Sd
23ISIA6 =3IWIL SdD6r9T =3l

AdU3IY XUG3 SEITEET S6—~4dIas—az2

XUAIT o YART AIAN99 °2 LNDOB

el - . lll_rl.trl_
]

s
?é
HSB8= U
A0 -iSdd 1LNDOZ29r -Sa
DASMOE =3WIL Sd09222 =3.Lud

AUYIY XUA3 S2I82'ET S6—Jd3as—a2




l———«l 1 mil

Fig. 12. The slight intergranular penetration at low and high magnification is shown for the
347-2 sample.




#

F— 1 mil

Fig. 13. The general corrosion on the OD and slight intergranular oxidation of the ID of the
347-12 sample is shown.
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Fig. 14. The outer layer of scale/deposit in sample 347-12 in Figure 13 exhibited the top spec-
trum. The subsurface sulfides in that sample are shown in the bottom spectrum.
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Fig. 15. Corrosion on the OD and intergranular oxidation on the ID of 253MA-14 are shown.
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Fig. 16.- The spectrums of the outer layer, inner layer, and subsurface sulfides are shown in the
top, middle, and bottom spectrums respectively for 253MA-14 in Figure 15.
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Fig. 17. Pitting and intergranular attack on the OD from the 800H-10 and 20 samples are
shown.
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Fig. 18. The spectrums of the outer layer, inner layer, and subsurface sulfides are shown in the

top, middle, and bottom spectrums respectively for 800HT in Figure 17.
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Fig. 19. Alloys 310 modified, HR3C, and NF 709 are compared. The 310 modified showed
the least attack.
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-Fig. 20. The spectrums of the outer layer, inner layer, and subsurface sulfides are shown in the

top, middle, and bottom spectrums respectively for NF 709 in Figure 19.
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Fig. 21. Only the ID attack of the lean stainless steel base material can be seen on the 671-16

sample.




Fig. 22. One mil of internal oxidation was observed on the OD of 690-17 {top). The ID attack
of the lean stainless steel can be seen in the bottom photomicrograph.
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Fig. 23. Some slight surface attack can be seen on the Fe;Al-18 sample. Also, cracks up to
5 mils deep can be seen in both samples.
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