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SUPERHEATER/INTERMEDIATE TEMPERATURE AIRHEATER
TUBE CORROSION TESTS

IN THE MHD COAL FIRED FLOW FACILITY
(EASTERN COAL PHASE)

ABSTRACT

Corrosion data have been obtained for tubes exposed for 1500-2000
hours in a proof-of-concept magnetohydrodynamics (MHD) power
generation test facility to conditions representative of superheater and
intermediate temperature air heater (ITAH) components. The tubes, coated
with K2SO4-richdeposits, were corroded more than in most pulverized coal
fired superheater service, but much less than the highly aggressive liquid
phase attack encountered in conventional plants with certain coals and
temperatures. The results indicated that, with parabolic corrosion kinetics,
type 310 and 253MA stainless steels should be usable to 1400"F at the hot
end of the ITAH. At final superheater temperatures, 2.25 and 5 Cr steels
were indicated to have parabolic corrosion rates generally below a 0.5
mm/yr criterion, based on corrosion scale thickness. However, unknown
amounts of scale loss from spallation made this determination uncertain.
Stainless steels 304H, 316H, and 321H had parabolic rates variably above
the criterion, but may be servicable under less cyclic conditions. Corrosion
rates derived from scale thickness and intergranular corrosion depth
measurements are reported, along with scale morphologies and
compositions. The implications of the resultson commercial MHD utilization
of the alloys are discussed, as well as the indicated need for more corrosion
resistant alloys or coatings under the most severe exposure conditions.

INTRODUCTION

The Energy Conversion Research and Development Programs (ECP) of the
UniversityofTennesseeSpace Institute(UTSI) ispursuingthedevelopmentof technology
to generateelectricalpowerdirectlyfrompotassiumseeded,coalfiredplasmasexpanding
throughopencycle magnetohydrodynamic(MHD) channels. Testingisconductedinthe
U.S. Departmentof Energy'sCoal FiredFlow Facility(CFFF), locatedat UTSI. Testing
has been devoted to establishingProof of Concept(POC) for the design and operation
of the "downstream"componentsof an MHD plant, includingall aspects other than
combustion,MHD powergenerationand conditioning,andseed regeneration.Thisreport
isof evaluationsof the gas-sidecorrosionperformanceof selectedtubealloyssimulating
superheaterand intermediatetemperatureair heatersurface duringtesting inthe CFFF
inthe LMF4 POC test series, burninghighsulfurIllinois#6 coal. The objectivesof the
testing were to determine the type and severity of tube corrosionoccurring in this



environment with ferritic low chromium steels and austenitic stainless steels and to
demonstrate the feasibility of operating a commercial MHD plant with existing and
sufficiently economical tube materials.

BACKGROUND

An MHD bottoming plant will contain heat recovery surface similar to a PC-fired
plant, including the boiler waterwall, superheater and reheater sections, economizer, and
airheater. However, these components will have manydesign and operational differences
from conventional plants. Combustion will be two-stage, with the lower or primary portion
of the furnace being at 85-90% of stoichiometric. The waterwall in the primary zone will
be refractory lined for corrosion protection, instead of going to the primary combustor,
air from the low temperature air heater will go to the secondary combustor, located in
advance of the convective sections. Additional heat exchangers will be required for
heating primary combustion air sufficiently to achieve the high gas temperatures required
for MHD power generation. Various methods for doing this are contemplated. For early
MHD retrofit plants, oxygen enrichment of the primary combustion air is planned so that
the air need only be heated to 1100-1400"F, depending upon the design. This would be
accomplished in a recuperative intermediate temperature air heater (ITAH)located in the
furnace at the front of the convective banks, in some designs being situated in parallel
with the secondary superheater. If no oxygen enrichment of the primary air is done, as
would be the case in large commercial designs, it must be heated to near 2500"F or
higher. This would be done in two stages, the first using the ITAH to heat the air to
perhaps 1400°F, and the second using a high temperature air heater (HTAH) of ceramic
construction. Some designs have the HTAH in the primary zone of the furnace and some
as separately fired.

The requirement for the ITAH results in the necessity for higher gas temperatures
at the secondary superheater/ITAH inlet, 2250"F or higher, than in PC-fired plants. At
these temperatures, K2SO4 is molten in the gas stream and produces hard deposits on
tubes, with a molten flow of sulfate over the outer surface of the deposit. The liquid
surface results in a high sticking efficiency for deposition. At temperatures between
1956"F, the K2SO4freezing point, and around 1700"F, sintering still produces hard tube
deposits, whereas they are friable or powdery at lower temperatures. Possible modes
of high temperature gas-side corrosion of recuperative tube metals are ') gaseous
oxidation or sulfidation via transport through pores and fissures in the deposit or by
thermally driven diffusion through the solid sulfate salt lattice; 2)oxidation or sulfidation
resulting from catalyzed decomposition of K2SO,=at or near the tube scale surface; 3)
molten salt attack (hot corrosion) by a low melting phase formed adjacent to the tube
surface by reaction or solution of the normal sulfate salt with other species derived from
the gas, deposit, or tube metal; 4)at temperatures above 1193°F, the eutectic temperature
of Ni-Ni3S2, a potential for catastrophic corrosion of high-nickel alloys lacking sufficient
chromium to prevent nickel sulfidation; and 5)at temperatures above about 1530°F, the
eutectic in the K2SO4 - Na_SO4system, catastrophic corrosion by the liquid sulfate
solution.
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Hot corrosion by molten potassium iron trisulfate or other similar phases was the
principal early concern with respect to MHD superheater and ITAH corrosion, owing to
the very high alkali content of deposits. The corrosive attack of certain aggressive coal
ashes on fireside surfaces of boiler and superheater tubes in conventional pulverized-
coal-burning power plants has received much attention since it was first evident in 1942.
This attack has been attributed to the occurrence within tube deposits of molten complex
alkali-iron trisulfates which react with the tube metal or its oxide scale. The severity of
corrosion has been shown to be influenced by the composition of the coal ash, the nature
of the deposits, the flue gas composition, and the temperatures of the ash and the
tubewall. In the complex sulfate molten range of approximately 1022-1400°F, corrosion
is increased by high concentrations of alkalies, iron, or SO3 in the deposit. Corrosion
reaches a maximum between 1250"F and 1350'F, depending upon the alloy. No alloy
has been found :o be completely resistant to this attack under the severest conditions.1
In contrast to conventional PC-fired boilers in which deposits generally contain no more
than afew percent of alkali sulfates, MHD tube deposits in the vacinity of the tube surface
may be 80% or more K2SO4.This high alkali content, however, has the effect of reducing
the gaseous SO2and SO3concentrations to low levels, typically 350-400 ppm of SO2at
the CFFF furnace exit and about 0.1 ppm SO3,with the firing of Illinois #6 coal. While
this probably accounts for the usual absence of alkali iron (or aluminum) trisulfate in MHD
superheater and ITAH tube deposits, it is not inferred that these phases can not be
formed. In fact, trace amounts of K3Fe(S_34)3 have been detected by x-ray analysis of
CFFF deposits on two occasions, and Bienstock et al2 reported K3AI(SO4)3and
Na3Fe(SO4)3in deposits resulting from potassium seeded coal firing. Catalytic oxidation
of SO2 in the outer deposit and decomposition of K2SO4 under reducing or borderline
conditions beneath deposits are two possible sources of SO3which could enable complex
trisulfate formation.

Testing of candidate MHD superheater materials dates from 1964 with the work
of Hals et al 3, who fired natural gas with additives of synthetic coal ash, sulfur, and a
potassium salt and evaluated the corrosive effects on alloys ranging from carbon steel,
low and intermediate chromium steels, and 300 series stainless steels, to Incone1600 and
Incoloy 800. Tubes were in three test sections with maximum metal temperatures of
1760, 1720, and 980'F, respectively. Alloys 310, 600, and 800 at metal temperatures
above about 1550"F were severely corroded by 100 hours and failed at about 200 hours.
Inconel corrosion was less severe than for alloy 310, which had extensive sigma
formation. The severe attack was attributed to the formation of molten K2SO4- N_SO4,
which has a eutectic at about 1530"F.

Bienstock, et al2 of the Bureau of Mines in 1970 presented the results of tests
using a coal-fired combustor burning Pittsburgh seam coal. Results of two tests were
reported, one for 100 hours with 4.4% K2CO3seeding and the other for 83 hours without
seeding. Corrosion was more severe with seeding than without. Haynes 25 was slightly
attacked at 1500'F metal temperature but was judged satisfactory, while alloys 310, 600,
and nickel were totally oxidized at that temperature. No corrosion of alloys 310, 316, or
446 was found at 1100"F, whereas 406 stainless steel was attacked with or without



seeding. Carbon steel and alloy T5 were attacked at 800"F metal temperature while alloy
T22 showed little attack and was judged satisfactory. The most abundant compound in
the deposits was Glaserite, Na2SO4- 3K2SO4.Complex trisulfates were also present, as
stated above.

Natesan4 at Argonne National Laboratoryreported in 1984 results of lab tests in
whichcarbonsteelandalloysT22, T9, 304, 310, and 800 were exposedfor durationsof
500-2000 hoursto simulatedMHD combustiongaseswithstoichiometricratiosfrom 1.01
to 1.30 and to metal temperatures from 1100'F to 1300"F. The alloys were exposed
bare,coated with reagentK2SO4,coatedwith a 50:50 mixtureof K=SO4and flyash,and
coated with ground-updepositsof ash/sulfatedseed from ANL's MHD test facility. A
factor of ...2greater corrosionwas indicatedfor I_SO4-coatedsamples as opposedto
either uncoatedor K2SO4+ ash-coatedsamples,althoughscale morphologicalfeatures
weresimilarin all cases. The low-chromiumsteelsdevelopedan ironoxideouterscale
layer and iron-sulfideor iron-chromiumsulfide inner layer and no internalpenetration.
High-chromiumausteniticalloysdevelopedrelativelythinchromium-richscalesalongwith
internalpenetration. Based on the results,only high-chromiumalloys such as 310
stainless steel and Incoloy 800 were judged suitable for steam heaters with tube
temperatures above 900"F. The low chromium steels were judged applicable below
800"F. Tests at 1100 and 1300"F metal temperaturewith K2SO4-coatedsamples in an
argonatmosphereshowedalmostidenticalscalemorphologicalfeaturesandthicknesses
as those obtained with simulatedcombustiongas, confirming K2SO4 as the principal
corrodant.

Acontinuation of Natesan's work was reported in 1988sin which alloys 304H, 316,
321,310, and 800H, coated with deposits from the CFFF test sections, were tested in
simulated MHD combustion gas with a 1.05 stoichiometric ratio for durations to 2000
hours and a metal temperature of 1400°F to simulate the hot end of an ITAH. Alloy 310
showed the least attack, with all the others having 3 to 4 times the attack of alloy 310 in
terms of scale thickness and penetration. When calculated by parabolic kinetics, all the
alloys had metal recession rates less than 0.5 mm/yr, but only alloy 310 had less if
calculated by linear kinetics. Samples of alloys T22, T5, T9, 304H, and 310 were also
exposed for 2000 hours in the same gas and deposit environment but with a metal
temperature of 1100"F to simulate either the hot end of steam heater tubes or the
transition region in an ITAH from lower temperatures (with lower alloys) to higher
temperatures. All of the low-chromium alloys had linear corrosion rates 2-3 times higher
than the 0.5 mm/yr level viewed as acceptable. Furthermore, a T22 weldment exhibited
2-3 times greater corrosion than the normal sample. Since linear kinetics was judged to
be applicable to these alloys, the tests indicated they would not be usable at this
temperature, in agreement with the earlier work. Alloys 304H and 310 in those tests both
had very low levels of corrosion (about 0.04 mm/yr parabolic or 0.08 mm/yr linear) at
1100=F.

Tubes of a variety of alloys including carbon steel, low chromium steels, 300-series
stainless steels and alloys 330, 800H, and 600 were exposed to oxidizing coal-fired MHD



flue gas in three gas temperature zones at the CFFF duringthe LMF3 and LMF4 test
series from 1984 to 19868'7'8.Tubes inthe highestgastemperaturezone were exposed
for 156 hoursand those in the othertwo zones for 62 hours. Tube depositsaveraged
63% K2SO4,and time-averagemetal temperaturesrangedfrom 500"F to 1150"F. All of
the alloysappearedto performwellwiththe exceptionof high-nickelalloys800H and600,
whichshowedconsiderableattack even in thisshort time. No meaningfulquantitative
corrosionmeasurementswereobtaineddueto the widerangeof exposureconditionsand
large numberof thermalcycles.

The LMF4 Proof-of-Concept(POC) series of tests was initiatedat the CFFF in
1987 with an objectiveof exposingcandidatesuperheaterand ITAH tube materialsfor
accumulateddurationsof 500, 1500, and2000 hoursinthreegastemperaturezones and
with metal temperatureschosen to simulateexpected retrofitplantconditions. Tested
alioysconsistedof 316H, 304H, 253MA, and 310 inthe firsttwozones andcarbonsteel,
T11, T22, andT5 inthe thirdzone. The resultsfrom evaluationof tubes removedat 500
hours were given in an earlier report? The principalconclusionsreached were as
follows:

1. The formofcorrosionwasoxidation/sulfidationbeneath depositscomposed mostly
of potassiumsulfate with the occurrenceof primarilyspinelscales and internal
grainboundaryoxidationof stainlesssteelsand mixedoxideand sulfidescalesof
low chromiumand carbonsteels.

2. Maximumlinearcorrosionratesforall alloystestedexceeded a 0.5 mm/yrcriterion
at metal temperaturesupto 1400°F at TS1 and TS2 and 1100°F at TS3.

3. Resistance to corrosiongenerally correspondedwith alloy chromiumcontent.

4. All of the allcys tested appeared to have adequate corrosion resistance at
superheatertube temperatures. However,of the alloystested, only310 stainless
steel was judged to have potentialfor use at metal temperatures approaching
1400°F.

5. CFFF tubecorrosionappearedto be moresevere at a given temperaturethan was
corrosionin laboratorytests conductedat the ArgonneNationalLaboratory.

6. Scalesonstainlesssteelswereoftenspalledand/orfracturedasa resultof thermal
cyclingand the oxidation/sulfidationprocesswhich producedporous,weak and
nonadherentscales.

7. What appeared to be breakawaycorrosionoccurredon TS2 alloys304H, 316H
and 253MA in the form of deep localizedintergranularpenetration.



Tubes removed from CFFF testing at 500 hours were also analyzed by
Babcockand Wilcox1°and by Argonne National Laboratory. ANL's reportingof 500
hoursampleevaluationwillbecombinedwiththat fromevaluationof 1500 and2000 hour
samples. B&Wconcludedfrom 500 hoursamplesthat alloy310 may be serviceableat
metaltemperaturesup to at least 1300°F under MHD conditions,and that alloys304H,
316H, and 253MA may be servicableto 1150"F.

TEST CONDITIONS

During this test series, Illinois#6, a high sulfur eastern bituminouscoal, was
bumedin the combustorof the Low Mass Flow (LMF) test train. Potassiumcarbonate
in powder form was mixed and fired with the coal to provide 1% potassium in the
combustiongas. Primary combustionwas at 85% of stoichiometric. In the secondary
combustorportionof the furnace,combustionwas completedwith 10% excessair. The
testedtube materialswere locatedafter the secondarycombustorin threeductmodules
of rectangularcrosssectiontermed =testsections(TS)", as depicted in Figure 1. TS1,
TS2 andTS3 were in successivelylowergas temperatureregimes,chosento simulate
criticalservice regimesexpected in an MHD retrofitplant, and accomplishedby the
introductionof water-cooledtube bundlesbetweenthe test sections.

The tubestested in thisstudyconsistedof 2 sets, the "A" set with 2000 hoursof
accumulatedon-coalexposuretime from LMF4-K throughLMF4-V and the "B" set with
1500 hoursof exposuretimeduringLMF4-O throughLMF4-V. The dates and durations
of those tests are givenbelow.

LMF4-K Aug. 1987 198.00 hours
LMF4-L Dec. 1987 63.34
LMF4-M Feb. 1988 56.93
LMF4-N Apr. 1988 179.02
LMF4-O Aug. 1988 252.28
LMF4-P Nov. 1988 101.20
LMF4-Q May 1989 40.85
LMF4-R Aug. 1989 265.38
LMF4-S Nov. 1989 134.63
LMF4-T May 1990 216.88
LMF4-U Jul. 1990 252.00
LMF4-V Nov. 1990 240.48

Tube materialsandsizesare given inTable 1. Note that insomecases inTS2 andTS3,
tubesconsistedof twodifferentalloys. In thosecases,the hotterpass or passeshad a
higheralloycapable of being exposedto a highertemperaturethan the loweralloy. In
mostsuchcases,the higheralloywas also presentas anotherentiretube. In the table,
the last characterof the tube numberdenotesset "A" or set "B". The majoritywere
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Figure 1. CFFFIntegrated MHD Bottoming Cycle Schematic



Table 1. Test Alloys, Locations, and Sizes.

,, , , , ,,,,, ,.-_'

I Alloy 1 Alloy 2

Tube Pass Alloy Size Nom. Pass Alloy Size Nom.
Wall Wall
(in) (in)

TSI-IA 1,2 310 1 " Pipe 0.140
,,,

TS1-2B 1,2 316H 1 " Pipe 0.140

TS1-3B 1,2 253MA 1" Pipe 0.133

TS1-4A 1,2 304H 1 "Tube 0.148
m. ,,_

TSl-5A 1,2 316H 1 " Pipe 0.140

TS1-6B 1,2 310 1 " Pipe 0.140

TS1-7B 1,2 304H 1 " Pipe 0.140

TS1-8A 1,2 253MA 1" Pipe 0.133

TS2-1A 1 321H 1 "Tube 0.150 2 T22 1 "Tube 0.150

TS2-2A 1,2 310 1 " Pipe 0.140

TS2-3B 1,2 253MA 1" Pipe 0.133
• ,,, , ,

TS2-4A 1,2 304H 1 "Tube 0.148

TS2-5B 1,2 316H 1 " Pipe 0.140

TS2-6B 1,2 310 1 " Pipe 0.140

TS2-7B 1,2 304H 1 " Pipe 0.140

TS2-8A 1 304H 1 "Tube 0.165 2 P5 1 " Pipe 0.140

TS3-1A 1,2 T22 1 °'Tube 0.150 3,4 SA192 1 "Tube 0.165

TS3-2A 1 T22 1 " Tube 0.150 2,3,4 Tll 1 "Tube 0.135

TS3-3B 1,2,3,4 P22 1 " Pipe 0.140
,,,

TS3-4A 1,2,3,4 T22 1 "Tube 0.150

TS3-5A 1,2,3,4 P5 1 " Pipe 0.140
,,,, ,,

TS3-6B 1,2,3,4 P5 1 " Pipe 0.140

TS3-7B 1 T22 1 " Tube 0.175 2,3,4 Pll 1 " Pipe 0.140

TS3-8B 1,2 T5 1 "Tube 0.150 3,4 SA106B 1 " Pipe 0.140,



actually pipe rather than tube, with attendant largevariability of wall thickness. However,
all are referred to genericly as tubes.

The three test sectionswere located in oxidizingflue gas having a typical molar
compositionof 59.4 % N2,26.3 % CO2, 13.0 % H20, 1.26 % O=, 0.040 % SO2,0.02 %
CO, and 0.016 % NOx. The gas particulateloading at the SHTM entrance was
approximately525 Ib/hr,as estimatedfromthe combustorinputsminusamountsremoved
at the slagtap and at the ash/seedhopper. No direct particulateloadingmeasurements
were done at the SHTM entrance, but the exit loadingaveraged 391 Ibs/hr. Typical
analysesof tube depositsare given inTable 2 for the three test sections. The deposits
averaged about20% flyash,75% K=SO4,and 5% othersalts, mostlysulfates. Deposits
at the leadingsidesof tubes hada higherflyashcontentthan those at trailingsidesdue
to higher flyash content of large particles which deposited on leading edges by
impingement. More importantlyto the tube corrosion,the depositcompositionvaried
throughthe thickness,as shownin Figure2, havinga highersalt content(>80% I_SO4)
near to the tubesurface than inthe outerportionof the deposits. Thus, the materialin
contact with tubes was primarilyK=SO4with embedded ash spheres, which do not!

significantly affect corrosion. Figure 3 shows the cross-sectionalstructure of TS1
deposits. TS1 frontaldeposits(Figure4) grew finsas muchas 8 incheslongprojecting
intothe flow because they were quite resistantto sootblowing. The bulk of that frontal
depositpossesseda very porous,althoughstrong,structure. At the leading edge, an
intermediatezoneextendedfromabout40 milsfromthetubesurfaceoutwardto as much
as about 3/4 inch. This layer was relativelypore-freeand hard. Towardthe interiorof
thiszone, deposittemperatureswere toolow forsinteringof flyash. Withinthe innermost
40 rail (1 mm) zone, diffusionof iron from the tubes occurred,strengtheningbut also
embrittlingthe deposit. The embrittingeffect was greatest very near the tube scale.
Thus,duringcoolingafter testshutdowns,separationof the outerbulkof the depositfrom
the innermost portion normally occurred at about the one millimeterdistance, but
sometimesthe separationoccurredadjacent to or very near the tube scale/deposit
interfacewith attendentpartial or totalscale spalling. At times the outer depositwould
fracturesufficientlyto fall off.

Average inlet gas temperaturesto each of the test sections are given in Table 3
for each test runas wellas overallaveragesfor the 1500 and 2000 hourperiods. TS1
gas temperaturesaveraged about 2080°F accordingto unaspiratedthermocouples,or
around2250°F correctedfor radiationloss. TS2 and TS3 gas temperaturesaveraged
near1500°F and1200°F, respectively.Measuresweretakenduringthe lattertestsof the
seriesto increase the TS2 andTS3 gas temperaturesto make them moresimulativeof
retrofitplant projections. Gas temperaturevariationsduring a typical run, LMF4-K, are
given for each of the test sectionsin Figure5.

Regulationof the coolingsteam flow ratethroughthe testsectiontubes was used
to maintainthe maximumtubemetaltemperatureofTS1 at nominally1400°F, andof TS3
at nominally1100°F. TS2 maximummetal temperaturesof 1400"Fwere also intended,



Table 2. DepositCompositionsInferred from Elemental and % Soluble Data, LMF4-K to -P

" LeadingEdge, wt. %
TS1 TS2 TS3

L Pass i Pass 2 Pass 1 Pass 2 Pass 1 Pass 2

y I I I
FI ash 34.24 24.58 32.80 - 26.20 23.64

i

K2SO4 62.20 70.05 60.23 - 66.76 70.94
Na2SO4 0.63 1.03 0.92 - 1.08 0.95,,,,, ,,,,i , ,,

CaSO4 1.47 1.80 3.45 - 3.16 1.59
MgSO4 0.08 - 0.18 - 0.32 0.13
FeSO4 0.21 - 0.93 - 0.59 0.41
K,_CO3 0.04 ..... , i

SO3 1.85 2.80 4.73 - 4.89 2.46

' I III1' III '1'

Trailing Edge, wt. %
TSl TS2 TS3

Pass 1 Pass 2 Pass 1 Pass 2 Pass 1 Pass 2
II , I "" I'

Flyash 17.29 17.90 18.39 15.83 19.84 -
K2SO4 78.46 77.78 74.3:J 79.49 76.75 -
Na2SO4 0.93 0.79 1.10 1'05 0.79 -
CaSO4 1.88 1.40 2.32 0.95 1.13 -
MgSO4 0.11 0.08 0.11 0.14 0.05 -
FeSO,= - - 0.44 0.51 0.33 _.......
K2CO_ 0.03 .....
SO3 1.56 2.74 3.21 2.03 3.83 -,111 ..i

'.... Combined Daial wt. %

........ I AIIT,S1 AII TS2 I All mS3 Overall
Flyash 2315 22.34 23.36 23.11
K2SO4 72.12 71.35 71.48 7i .70.... ,

Na_SO4 0.85 1.02 0.94 0.93
I

CaSO,= 1.64 2.24 1.96 1.92
MgSO4 0.07 0.14 ......0.17 0.1
FeSO4 0.05 0.63 0.44 0.35
K2CO3 0.02 0.0 0.0 0.0
SO3 2.24 3.32 3.73 3.01
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Figure 3. TypicalTS1 Tube and DepositCross-Section
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Figure 4. Typical TS1 Tube Deposits

Table 3. Time Average InletGas Temperaturesto Test Sectionsfor Each Run (°F)

, ii

TS1 2046 2089 2049 2100 2065 2016 2031 2074 2078 2024 2113 2180 2079 2084

TS2 1421 1406 1328 1398 1333 1307 1483 1543 1594 1580 1570 1676 1493 1526

TS3 1183 1170 1070 1140 1087 1078 1061 1129 1179 1225 1276 1353 1184 1196

Note:Values are uncorrectedfor thermocouple radiationloss. ActualTS1 gas temperatureswouldbe about200°F
higher.





but were not obtained until the later part of the test series due to too much water-cooled
tube surface between TS1 and TS2. Thermocouples were distributed over the outer
surface of tube "'_each of the test sections. These were metal sheathed thermocouples
mounted on tubes by means of 1 inch x 1 inch x 0.125 inch thick weld pads, continuously
welded on all sides. Their placement is depicted in Figure 6. In TS1 and TS2, tubes 1
and 4 had surface thermocouples on the leading edge at positions A-E in the figure.
Tubes 5 and 8 had thermocouples at the same places, but at the trailing edge. Tubes
2 and 3 had a thermocouple at position D only, at the leading edge. In TS3, tube 4 had
surface thermocouples on the leading edge at positions A-J. Tubes 1, 2, and 3 had
thermocouples at positions B and I at the leading edge. There were no trailing _dge
thernlocouples on TS3. Tables 4-6 give average tube metal temperatures at each of the
thern;ocouple locations for each of the test runs, as well as overall averages for the 1500
hour and 2000 hour periods. The first column gives the thermocouple designation, the
first digit of which is the tube number, and the last digit of which is the nththermocouple
for that tube from the cooler end. Shaded temperature values in the tables were more
than two standard deviations from the overall mean, and were excluded from the overall

mean reported, as being unrepresentative of the overall test series. These were generally
not correct temperatures, but false indications caused by instrumentation malfunctions.
The distribution of tube metal temperatures are shown in Figures 7-9 for the three test

TS1 andTS2 TS3
Pass1 Pass2 Pass1 Pass 2 Pass3 Pass 4

i i ilaaam =limb mmml IBmB= _ mmaBm _

'IlL -- _, - II

E, A J 'G E A

Gas Gas

D B "_1 F D B

C H C,

Figure 6. Locations of Tube Metal Thermocouples
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Table 4. Time Average TS1 Metal Temperatures (°F)

•_ _ i "1_ I_ I o1_ I o1_ Is I_ Io iv n_v_vov_v| i

1M1 737iii!!i_N_i906 89_=831 940 66s s97 694 798 838 772 _80 767................. =|l

1M2 694 987 1044 1027 932 1003 809 715 778 893 1003 850 879 875

1M3 921 983 1035 1209 1036 968 1075 847 1003 1077 1166 1074 1034 1030

1M4 1082 1239 1248 1248 1246 1260 1209 _i 1091 1266 1303 1227 1184 1240. , ii i= i,

1M5 1055 1396 1351 1401 1227 1288 1120 1118 1155 1226 1288 1268 1229 1219

2M1 _i 1266 1307 1328 1475 1396 1221 1282 1231 1274 141 1 1383 1346 1353
-_------- -- ---------._.:o.,.:.:.:,.:.:,:.:.:.:,:.:.:.:,:.:.:.:.:,_,,,, ,_o_,_ _ ,_o_,_,,,,1_ ...... ,_ 127o

4M3 921 1112 1148 1196 1175 1316 1050 914 1051 1168 1266 - 1114 1132

.., 4M4 1396 1300 1359 - - - 1188 - 1200 1253 1378 1297 1311 1289
¢" _i_iil

4M5 _ 1275 1338 1390 1369 1373 1381 1370 1378 1081 - - 1320 1309

5M1 760 911 938 924 864 938 673 766 684 751 857 851 823 811

5M2 911 1037 1046 1005 977 1073 779 800 774 879 986 876 919 900

5M3 993 1099 1096 1236 1275 1283 953 964 991 1159 1225 1139 1131 1140

5M4 !__I 1192 1210 1256 1157 1298 1136 1188 1031 1145 1219 1219 1188 1179
5M5 972 1285 1295 1328 1256 1275 904 1011 967 1085 1217 1220 1151 1142

8M1 654 876 845 808 721 838 645 639 579 650 720 609 693 671

8M2 743 936 908 934 832 800 718 681 670 710 852 777 786 763

8M3 809 924 984 945 835 1009 801 758 810 902 1044 900 887 885

8M4 862 1058 1119 1102 1013 1038 821 838 808 906 1094 966 964 951

8M5 935 1080 1125 1103 1010 1038 819 838 808 903 1094 966 971 950



Table 5. Time Average TS2 Metal Temperatures (°F)

IL .....io ! I° I ls I I ° I v i-vvlo-vv
I I

1M1 772 731 724 727 701 793 697 879 882 941 928 938 835 865

1M2 840 875 895 922 855 903 804 1009 1006 1058 1083 1110 975 1006

1M3 1033 999 1010 1078 1037 1022 960 1198 1216 1262 1287 1294 1156 1194

1M4 1085 1100 1071 1157 1053 1037 1050 1258 1259 1282 1318 1334 1200 1229

1M5 1148 1134 1099 1163 1086 1079 1094 1283 1320 1313 1340 1387 1235 1265

2M1 1074 1078 1076 1158 1043 1035 1141 1266 1237 1273 1316 1310 1194 1223

3M1 1101 1049 1065 1119 1116 1106 1171 1288 1279 1297 1324 1308 1214 1253

4M1 778 771 793 763 724 798 768 953 938 948 959 967 869 900

4M2 900 868 940 941 850 921 920 1072 1050 1080 1101 1096 1000 1028

4M3 1061 994 1115 1176 1085 1122 996 1191 1192 1229 1254 1220 1163 1184

--- 4M4 987 1096 1125 1177 1107 1094 1194 1294 1288 1022 1328 1305 1182 1214O3

4M5 1168 1097 1125 1177 1099 1126 1184 1319 1337 1315 1350 1369 1249 1280

5M1 _ 1088 909 920 900 929 798 967 971 987 996 1007 962 963

5M2 917 936 918 920 911 929 932 1097 1096 1128 1142 1133 1031 1068

5M3 1071 1005 1107 1161 1071 1047 997 1189 1201 1230 1255 1224 1158 1178

5M4 1145 1065 1115 1161 1080 1050 1156 1269 1285 1294 1311 1289 1210 1235

5M5 1167 1143 1127 1171 1123 1119 1168 1297 1321 1302 1331 1331 1240 1266

8M1 765 767 761 728 725 778 746 910 902 957 957 955 853 887

8M2 820 791 811 888 821 893 903 1070 1071 1096 1110 1113 982 1029

8M3 994 934 967 1034 1000 1008 961 1177 1202 1230 1241 1234 1119 1160

8M4 1008 1005 995 1108 1036 1030 1097 1265 1287 1291 1308 1319 1182 1228

8M5 1092 1050 1072 1126 1063 1050 1113 1263 1308 1286 1314 1339 1204 1239



Table 6. Time Average TS3 Metal Temperatures (°F)

i i i

1M1 731 729 677 716 684 696 648 745 710 689 685 679 702 697

1M2 1012 1048 928 989 956 941 928 1015 1010 1007 1033 1062 1005 1007

2M1 745 _i'_i!_i_669ii_i'_i!i731 724 745 777 645 742 714 693 698 688 721 717

2M2 1028 ii_:_._1::35iiii_. 952 996 974 978 930 1019 1020 1012 1040 1060 1013 1015

3M1 760 !il;iiiii866!iii!iii!749 737 769 787 691 761 737 743 758 745 757 754

3M2 1058 1137 978 1011 982 977 943 1023 1026 1034 1067 1086 1033 1030

4M1 621 708 626 6 i4 624 668 534 603 593 586 870 862 677 692

4M2 737 !!i!i_ili!i. 744 733 731 763 650 731 713 700 707 694 720 715Ill .................

4M3 823 906 809 864 836 853 !iiiii_i!!i!i 836 814 785 811 796 824 817

..= 4M4 897 1008 869 870 873 897 794 892 880 857 ili_iiiiiiiiiiiii_iiiiiiii 882 875

4M5 916 i_i_i_iii_iiiil891 887 890 911 801 903 891 859 863 866 883 879
................
:::::::::::::::::::::::::::::::::::::

4M6 883 _!iii!ii_!!ji_i!857 856 859 878 802 886 865 848 837 844 859 856

I_i_-_-_:_
4M8 1025 '_ii! 975 981 966 gT0 924 1016 1000 983 1033 1034 1001 1002

.:.:-:.:.:.:.:.:.:.:.:.:.:.:+:.:.:.:

::::::::::::::::::::::::::::::::::::::

4M9 1035 ii_ii_ii_ili!974 1005 992 991 946 1034 1041 1037 1067 1086 1035 1037

• !_)iiii!i!::i!_::_!iii!_)_!._ii:!::ili::!4M10 . 1063 iiiiii_i!_i6011i987 1019 998 996 940 1024 1042 1032 1046 1081 1032 1031

Note: In this and the two prior tables, the temperatures given were those measured by thermocouples
whose designation is given in the first column. The locations of those thermocouples on the tubes were
as shown in Figure 6. Data under column headings O through V were averages for those tests. Averages
in the last two columns were obtained by weighting the individual run averages by the run duration.
These gave average temperatures for the 2000 and 1500 hour exposures, respectively. Shaded values were
more than two standard deviations from the mean and were excluded from the overa|| averages as
unrepresentative.



Figure7. AverageTS1 TubeTemperatures
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sections, respectively. These were obtained by interpolating data from the overall
averagecolumnsof Tables 4-6. Lateralsymmetryof tube temperaturesaboutthe center
of the test section duct was assumed. Corrosiondata was correlated to average
exposure temperatures based on these interpolations.Figure 10 shows the metal
temperaturevariationswhichoccurredduringtests LMF4-Kto -N, as measuredby one
thermocoupleat each of the three test sections, respectively. These variationswere
rather large as were the variationsamong the averages for the individualtests, and
resultedfrom several factors, among which were the effect of sootblowing,process
upsetsor abnormalities,and imprecisecontrol.

SAMPLING AND EVALUATION PROCEDURES

Followingthe last test of the series, LMF4-V, TS1 depositswere intact on the
tubes,butvery looselyadhereddue to the thermalshockof cool-down.Sincetheywould
nothavestayedin placeduringtube removalor cutting(thatis, the thickouterportionof
deposit;a thin innerlayer often remainedonthe tubes),they were removedandtagged
by locationand stored. TS2 and TS3 depositswere thin and powdery or very friable.
Smallsamplesonlywere taken. Exceptforthinlayersinsomeplaces,the remainingTS2
andTS3 depositsfell off duringtube removal,handling,andcutting. The lossof spalled
scale was also noted from many locationsof all three test sections. Since it was not
knownwhatsortof examinationwouldbedoneotherthanatthe Universityof Tennessee,
it wasdecidednotto attempt to protectdepositsand scaleswitha plasticcoatingas was
done for the 500 hourtubes. Anotherfactor inthisdecisionwas that depositand scale
spallingand losshadalreadyoccurredon manyoccasionsas a resultof testshutdowns,
sootbiowing,manualremovalof oversizedeposits,depositsampling,removalof tubesfor
refractoryrepair, etc.

Tubes were initiallycut witha bandsaw, with nocoolant. ForTS1 andTS2, half-
inchlongringswere cut by band saw from the top of each 1 foot length of tube. For
TS3, the number of samples was lessened,samples being taken only from the top,
middle,andbottomof eachpass. Thus, 112 sampleswere obtainedfor eachof TS1 and
TS2, and96 samplesfor TS3. A markwas placedwitha chiselon the top side of each
sampleat approximatelythe centerof the leadingside. The leadingquadrantof each of
the sampleswascut fromthe ring,encapsulatedin plastic,sectionedby diamondcut-off
saw, ground,and diamondpolished,allwith nonaqueouslubricant. Sampleswere also
preparedof the trailingquadrantof TS1 and TS2 tubes at the 1, 3, 5 and 7 foot levels
from the top of the first or hottertube pass. Since the corrosionmeasurementswere
foundto be quitetimeconsuming,notallof the leadingquadrantsamplespreparedwere
examined. For TS1 and TS2, these were at the 1, 3, 5, and 7 foot levelsof the hotter
pass, which included the highest exposure temperatures which are relevant to the
intermediatetemperatureair heateras well as the upperend, wherecorrosionwouldbe
greatest,of the metaltemperaturerange relevantto superheaterservice.
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The principal measureof the extent of corrosionwas taken to be the sum of the
corrosionscale thicknessand the depthof internalpenetrationintothe metal substrate,
as depictedin Figure11. These were measuredusinga lightmicroscopeand an image
analysissystem. One scale thicknessand one penetrationmeasurementwere made
from each image frame. Scale thicknesswas obtainedas the area of corrosionscale in
the imagedividedby the imagewidthto givethe equivalentor average scale thickness.
Intemalpenetrationwas taken as the maximumextent of penetrationin the image with
respectto a straightlinerepresentingthe averagesurface. Thismethodwas chosenas
beingmoresensitiveto the smallextents of corrosionresultingfrom the relativelyshort
exposuredurationsthan the alternativemethod,ultrasonicwall thicknessmeasurement.
The ultrasonicmethodalsopossessedproblemsof necessitatingcorrosionscale removal
fromboththe exteriorand intedorsurfacesof the tubewithoutsignificantmetal removal,
beingunable to distinguishbetween metal loss at the exteriorand the interiorsurfaces,
and the difficultyof making measurementsbefore and after exposureat preciselythe
same locations.

As a secondary measurer_ent, the remaining wall thickness was measured at 5
locations on each sample examined and was compared to ultrasonic measurements
made prior to exposure, or for tubes for which there was no pre-exposure measurements,
to the original nominal wall thickness. Before and after measurements were within about
an inch of each other, but not at the same exact spots. While this method was rather
crude, it served to confirm the nonexistance of very large corrosion losses.

The microscopicmethod utilized, althoughsensitive,possessedseveral problems.
Foremost was that scale thickness is not equal to metal thickness consumed to produce
the scale. Thus, SCALING RATES OR COMBINED SCALING AND PENETRATION
RATESSUCH AS THOSE REPORTED HEREIN DO NOT EQUAL METAL RECESSION
RATES AND SHOULD NOT BE USED DIRECTLY AS A BASIS FOR DESIGN. This
was compoundedin the presentcase bythe fact that an unknownamountof metal loss
was unaccountedfor as a resultof scale spallingand the diffusionof metal into the
deposit.

For TS1 and TS2, pass 1, at distances of 1 foot and 7 foot from the top plate,
measurementswere madeat 5 degree incrementsovera 90 degree arc of tubecentered
on the leadingedge. Becauseof the largevariationin corrosionfrom spotto spot (the
spotsize being the area containedwithineach image frame), these 19 measurements
wereaveragedto yielda singlevalue for the sample. To reducethe task of makingthe
measurementsto a reasonable level, five measurementsper sample were made at the
other leading edge positions. Only a single measurementwas made for each trailing
edge sample. More measurementswere done at the 1 foot level at the front of pass 1
becausethis was at or near the maximumtube temperatureand therefore at the most
severeserviceenvironmentwith respectto applicationinan intermediatetemperatureair
heater. Likewise,moremeasurementswere made atthe 7 foot levelat the frontof pass
1 becausethe metal temperaturetherewas generallyclosestto the maximumexpected
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Figure 11. Schematic diagram of measurements made on corroded
tube samples.



superheater metal temperature, where corrosion should be greatest. Five measurements
per sample were done for each of the TS3 samples examined.

A scanning electron microscope with energy dispersive x-ray analyzer was used
to make microphotographs of the corrosion morphology as well as to make x-ray dot
maps for identification of the distribution of elemental constituents of tube scales, reacted
subscale grain boundaries, and the deposit immediately adjacent to the tube.

RESULTS

Corrosion Data Variability and Anaular Variation
Examples of the variation in the measured extent of corrosion for individual

samples taken from the leading side of tubes are shown in Figure 12. The
measurements were at different angular positions along a cross-sectioned 90°circular arc
of tube. Large d_.tascatter existed due to the inherently large spot-to-spot variability of
the corrosion process under nominally constant conditions. Thus, inspection of data for
individual samples did not show a discernable trend with respect to variation of corrosion
over this arc. Internal penetration data from 32 TS1 and TS2 samples, for which
measurements were made at 5 degree increments, were combined by summing them on
an angular basis and then normalizing. The result, Figure 13, indicates little variation
within +30-35 degrees of the leading edge, but a sharp decrease at greater angles. Most
of the remaining presentations of leading quadrant data are derived from averaging all
the measurements for each sample. Inclusion of data beyond +35 degrees may make
the average for the quadrant somewhat lower than the average corrosion level within +35
degrees. This was not considered of much importance since the measurements were
really valid only for comparing alloys rather than for absolute corrosion rates.

Stainless Steelsl penetrationkineticdata
For the stainless steels, penetration was a more reliable measure of relative

corrosion extent than scale thickness or combined scale thickness and penetration owing
to errors introduced by scale spalling and the difficulties in accurately measuring scale
thickness. Figure 14 shows leading edge data for TS1 and TS2, derived from tube
samples taken from the bottom of the first pass where leading edge time-average
temperatures were in the range of 83!-915 K (1036-1188°F). These are the
temperatures which would exist near the hot end of a secondary superheater or reheater
and at which corrosion would be expected to be greatest for the component. Figure 15
presents the leading edge data for TS1 and TS2 at higher metal temperatures relevant
to the intermediate temperature air heater. These data are from samples from the top
of the first or hotter pass having leading edge time-average tube temperatures in the
range of 889-995 K (1140-1332°F). Cubic spline interpolation lines through the data
points are meant only to provide a visual linking of data for a given alloy and not to
indicate the course of corrosion kinetics or as a basis for extrapolating the corrosion
kinetics.
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Figure 13. Distributionof Penetration Depth Over Tube LeadingQuadrant Derived from
Normalizing and Summing Data from 32 TS1 and TS2 Samples.

An anomalous behavior was seen with respect to corrosion at 1500 and 2000
hours as shown for several of the alloys in Figures 14 and 15. In these cases, the
indicated corrosion at 2000 hours was substantially less than at 1500 hours. More scale
spalling would be expected during longer exposure. But if scale spalling were to occur
during the course of exposure, Internal penetration should Increase, not decrease. If
scale spalled after exposure due to cutting, sample preparation, etc., then penetration
would be unaffected. Thus, the apparently anomalous behavior must be attributed either
to data scatter (very few measurements in a highly variable population) or to some
difference in the test conditions for the two setsof tubes which resulted in more corrosion
of the 1500 hour tubes. While many condition changes (such as changed coal seam) and
fluctuations occurred during the course of the tests, it is unknown which one or ones may
have produced this effect.

Given the amount of data scatter present and the relatively few measurements
made, it was not possible to descdbe the corrosion kinetics of the test alloys. The usual
possibilities are parabolic behavior with a decreasing rate with time as is normal if
corrosion products are protective at limitingIonic transfer, or more or less linear as in the
case where scales are unprotective and depletion has occurred of chromium or other
alloying additions necessary for reformation of protective scales.

Generally increasing corrosion resistance with alloy chromium content was
indicated, but with numerous deviations adslng from the data scatter. For TS1, corrosion
at the top of pass 1 was less than at the bottom, despite the higher temperatures. Since
deposits were much thinner toward the top of the tubes owing to the downward deflection
of the gas flow exiting the radiant furnace, a relationship between corrosion and deposit
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thickness was suspected, agreeing with the indication of lower corrosion at greater than
:t:35 degrees angular position where deposits were thinner. For TS2, where deposits
were of uniform thickness, there was little difference from the bottom to the top of pass
1.

StainlessSteels: scaling+ penetration kineticdata
TS1 and TS2 data for scale thickness + penetration of the stainless steel alloys are

given in Figures 16-17 for the bottom of pass 1 and Figures 18-19 for the top of pass 1.
Again, the same anomalous behavior with regard to 1500 and 2000 hour exposures was
seen. The scatter in the results precludes drawing too many conclusions. However, it
would appear, that at both locations, only alloy 310 had corrosion generally less than 0.5
mm/yr if determined on a linear basis. The other alloys were variably below or above a
0.5 mm/yr parabolic rate. There was no discernable, consistant different between TS1
and TS2 or between the top and bottom of pass 1.

Stainless Steels: penetration versus averaae metal tem_)eraturedata=
Data for internal penetration of the stainless steels as a function of time-average

metal exposure temperature is shown in Figure 20. Perhaps as a result of the scatter
and the relatively narrow range in temperature over which measurements were made, no
trend in corrosion with metal temperature could be discerned. The extent of penetration
for 1500 hour and 2000 hour samples was indistinguishable. Also, no difference was
seen between TSl and TS2. Alloys 253MA, 304H, and 316H showed rather large
variabilities in the extent of penetration, resulting from variable extents of disruption of the
surface scale. Alloy 321H would likely have shown the same sort of variability if more
samples had been examined. Error bars in the plots represent a 95% confidence interval.

_StainlessStee!.s:scaling +_Denetratio.nversu.smetal temperature data
Combined remaining scale thickness and penetration as a function of tube metal

temperature for the leading side of stainless steel alloys in TS1 and TS2 are presented
in Figure 21. Again, the temperature relationship was uncertain, given the amount of
scatter and the relatively narrow range of temperatures. A hint of decline in the extent
of remaining scale plus penetration with temperature for 304H and 316H could be
attributed to increased scale disruption and exfoliation at higher temperatures. TS2 data
was generally somewhat above that for TS1, but that was attributed to more scale loss
at TS1 rather than more corrosion at TS1, since penetration data alone did not show the
same trend. Limits for effective metal loss of 0.5 mm/yr (for the first year), calculated by
both linear and parabolic kinetics, are shown on the plots. Scale plus penetration data
for alloy 310 was mostly less than 0.5 mm/yr on a linear basis, the other alloys being
either variably or totally above. Alloy 253MA data was definitely less than 0.5 mm/yr by
parabolic kinetics. Alloy 304H average data was also less than 0.5 mm/yr parabolic.
Alloys 316H and 321H were less adequate at meeting the criterion.
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Stainless Steels: leading versus trailin.qed.qedata
Results for internal penetration at the trailing edge of stainless steel tubes are

presented in Figure 22 as a function of metal temperature. Comparison with leading edge
data in Figure 20 indicates corrosion to have been approximately the same at the two
locations.

Stainless Steels: all data combined
Measurement results with respect to metal temperature are next presented for the

stainless steel alloys in TS1 and TS2, combining the two test sections so as to disregard
differences in gas temperature, heat flux, deposit characteristics, and so forth. Results
from both the 1500 hour and the 2000 hour exposures are also combined, as are data
from both the leading and the trailing edges. Figure 23a and 23b show scaling and
penetration rates for the alloys 310, 253MA, 304H, 316H, and 321H calculated in terms
of linear rate kinetics. Figure 24a and 24b present the same data in terms of parabolic
rate kinetics. Leading edge data values plotted were the average of several
measurements, ranging from 5 to 46, while trailing edge values were from a single
measurement. Previously made observations are reiterated with respect to the data of
Figures 23 and 24:

1. A large amount of data scatter existed with the result that the temperature
dependence was difficult to discern. Furthermore, variations within a relatively small
temperature range appeared to be random. That is, they appeared to show little or no
relation to whether the sample was from TSl versus TS2, leading versus trailing edge,
or 1500 hours versus 2000 hours. Such random variations were due partially to the
actual spatial variability of corrosion over the tube surface as a result of variations in
factors other than temperature affecting corrosion. The scatter in scaling data was also
due partially to variable scale loss from spalling. Finally, measurement error contributed
to the scatter in scaling data. This error arose mostly from the frequent difficulty in
determining from images what was corrosion scale and what was not. Most of the
difficulty was in determining whether voids, dark areas, or certain red areas (as seen in
the eyepiece) were scale or in determining the area of scale fractured into many pieces
or occurring as myriad fine precipitates in the deposit. A minor part of this difficulty was
due to the inability of captured images to reveal sample features with the same clarity as
looking through the eyepieces because of limited image resolution and a monochrome
rather than color image.

2. Alloy 310 was the most corrosion resistant, overall, of those tested, as would
be expected from its higher chromium content. Alloy 253MA was second best and about
the same as 310 at the higher metal temperatures. This resulted from 253MA being
unable at the lower temperatures to form the protective silica subscale which it forms at
higher temperatures. There was not much difference between alloys 304H and 316H.
While relatively little data was obtained for Alloy 321H, its performance was distinctly
inferior to the other 18-8 alloys.
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3. The extentofcorrosionwithrespectto tubetemperaturefor alloy310 was seen
to increase in the manner that would be expected of a strictlydiffusion-controlled
corrosionprocess. Data curvefitsfor alloy 253MA suggesteda decreasingtrend of
corrosionwithtemperature. As mentionedabove,thismightbe expectedof 253MA due
to its abilityto form a more protectivescale at higher temperatures. The curvefitsfor
alloys 304H and 316H also suggested a generally decreasing trend with respect to
temperature. If this was Indeed the case, the most plausableexplanationis that this
actuallyresultednot from temperatureeffectsbut from changingdeposit characteristics
along TS1 tubes in this temperature range. Due to the gas flow patternat TS1, tube
depositsdecreased in thicknessfrom the bottom to the top of the first pass, as tube
temperatureIncreased. Heavierdepositsmay have made conditionsmore reducingat
the scale-depositInterfacesuchthat the alloyswere less able to form protectivescales.

4. With respect to the magnitude of corrosion at 1100-1150°F superheater
temperatures,all testedalloysexcept310 displayedlinearscalingpluspenetrationrates
in excess of a 0.5 mm/yr criterion. If corrosionwas parabolicwith time, then 253MA
wouldalso meet the criterionat peak superheatertemperatures,but the 18-8 stainless
steels would not. At a peak ITAH temperatureof 1400°F, it appeared by extrapolation
of the data that none of the alloyswouldmeet the 0.5 mm/yrcriterionassuminglinear
kinetics. If corrosionproceededparaboiioly,thon alloys310 and 253MA wouldmeet the
criterion,butthe 18-8 alloyswouldprobablynot.

5. For all alloys, metal loss from scaling and Internal penetrationwere of similar
magnitudes,with penetrationbeing slightlygreater.

LowChromiumAlloys:scalingkineticdata
Figure 25 shows TS3 corrosiondata at the leading edge at the location of

maximumtube temperatureforeachalloy. Only 500 and 2000 hourdata are presented,
since measurementshave not yet been made on the 1500 hour samples. The graph
would seem to indicate rather littledifference among the alloys with respectto their
corrosionperformance. Since alloyT22 with 2.25% chromiumwas indicatedto have
somewhat more scalingthan did SA192, plain carbon steel with no chromium, it was
believedthat morescalespallingand lossoccurredfor the SA192 andT11 samplesthan
forT22 or P5, suchthatthe actualamountof corrosionwas morethan the measurements
indicated. None of these alloyshad internal penetration.

Low _hrgmium Alloys:scalin0versus metal temperature data
Plotsof remainingscalethicknessfor the carbon steel,T11, T22 andP5 alloysas

a functionof metaltemperatureare given in Figure26, to whichthe same remarksmade
above apply. The leading edge scale morphologiesof SA192 and Tll indicated
significantlymorescalespallingand lossthandidT22 and P5. The upwardtrendforT22
with temperatureas opposedto the flatter trend or perhapsdownwardtrend at higher
temperatures for P5 may signify better scale retention by T22 than by P5. This is
commonlyfound to be the case with these alloys in coal ash corrosion. None of the
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alloys had leading edge corrosionless than 0.5 mm/yr (for the first year) according to
linear kinetics. T22 and P5 were generally within 0.5 mm/yr parabolic. And while the
data show SA192 and T11 at the leading edge also below 0.5 mm/yr parabolic, they are
suspected of being erroneously low due to spalling. In contrast to the stainless steels in
TSl and TS2, these alloys in TS3 showed distinctly less corrosion at the trailing edge
than at the leading edge, being about the same for all alloys and well below a linear 0.5
mm/yr.

Tube Wall Recession Data
For the "B" set of tubes with 1500 accumulated test hours, ultrasonic tube wall

thickness measurements were made prior to exposure at the leading edge at 1 foot
intervals from the seal plate. Post-test remaining wall measurements were made with the
optical microscope at the 1, 3, 5, and 7 foot levels. While the before and after
measurement locations were nominally the same, they were not identical. The effect of
this is seen in the results, Figure 27a&b, with false indications of increased wall thickness
as well as a large amount of data scatter due to different before and after locations. This
was particularly true of alloys 310, 253MA, and 316H, all of which were pipe, which has
highly variable wall thickness. Less scatter was noted for 304H which was tube. The
measured thinning also included metal loss due to scaling at the steam side. Although
measurement of the steamside scale thickness was frequently prevented or made
questionable by the presence of a burr from cutting, it was often a large fraction of the
gas-side scale thickness. Thus, the wall thinning measurements were only a very rough
indication of the gas-side corrosion recession. A comparison was also made between
remaining wall thicknesses and nominal initial wall for the 2000 hour tubes for which no
initial ultrasonic measurements were made. The results are shown for TS1 and TS2 in
Figure 28 and for TS3 in Figure 29. Since the nominal initial wall values were generally
minimum wall thicknesses, final wall thickesses were mostly greater than nominal initial
values.

Corrosion Morphology and Scale Composition
SEM micrographs and x-ray dot maps for Fe, Cr, and S are presented in Figure

30a-h for each alloy. The following observations are made.

1. Oxide scales, with Fe and Cr as the principalcations,were produced on both
the austenitic and ferritic alloys, as inferred from the oxidizing atmosphere of the tests
and the absence of large amounts of sulfur in the scales. While energy dispersive x-ray
dot maps were attempted for oxygen, self-absorption in the sample of characteristic x-
rays for oxygen evidently prevented their detection. Some small amount of sulfur was
also present, however, at most locations in all of the scales. In some cases, potassium
was also present, leading to the suspicion that potassium sulfate from the deposit had
been smeared into crevices and depressions in the scale during sample polishing. But
where there was no potassium, some sulfur was still generally present. Tiny sulfide
precipitates were sometimes observed in the scales as indicated under light microscopy
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Figure 30a. SEM Micrograph and X-ray Dot Mapsfor Alloy310 (TS2-2,P1,1')
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Figure 30b. SEM Micrographand X-ray Dot Mapsfor Alloy253MA (TS1-8,P1,1')
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Figure30c. SEM MicrographandX-rayDotMapsforAlloy304H(TS1-4,P1,1')
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Figure 30d. SEM Micrograph and X-ray Dot Maps for Alloy 316H (TS1-5,P1,1')
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Figure 30e. SEM Micrograph and X-ray Dot Maps for Alloy 321H (TS2-1,Pl,I")
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Figure 3Of. SEM brmrogral_ and X-ray Dot Maps for Alloy P5 (TS2-8,P2,7')
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Figure 30h. SEM Micrograph and X-ray Dot Maps for Alloy Tll (TS3-2,P2,7')



by their characteristichigh reflectivity. No attempt was made to quantify the scale
compositions.Nor was there any identificationof scale phases.

2. No differenceswere foundinthe corrosionmorphologiesor scalecompositions
with respect to gas temperature. That is, TS1 and TS2 appearedto be the same, and
TS2 andTS3 appeared to be the same,for the caseswhere an alloywas presentin both
banks.

3. Scales generallyexibiteclmuchspallingand fracturing. This often resultedin
voidsbetween scale layers,as in Figure30b, or in areas where part or all of the scale
was missing,as inFigure30a. None of the alloysdemonstratedany noticablesuperiority
with regardto scale retentionor resistanceto fracturing.

4. Scaleswere quite non-uniforminthickness,on a microscopiclevel, aside from
spalling. Alloy310 and 253MA scale thicknesseswere particularlyvariable, and at the
lower metal temperatures showed indicationsof an early stage of oxidationprior to
spreadingof scale from nucleatedsitesover the entiresurface.

5. Binaryscale layers(i.e. Type B scales)were sometimespresentfor the 18-8
stainlesssteelswith higherchromiumcontentin the inner layerthan in the outer layer,
as seenfor 304H in Figure30c. Thiswas often notthe case, however,thereeitherbeing
only one layer or else two or more separated layers of the same composition. The
absence of an outer low chromium layer in such cases was believed to be often
attributableto spallingand lossof the outer layer ratherthan the existanceof a single
Type A scale.

6. Fine oxide precipitates which appeared to be of about the same composition
as the scalewere often founddistributedinthe KzSO4depositnear to the scale, as seen
in Figure 30a and in the opticalmicrographFigure 31. Where these precipitateswere
present,the outersurfaceof the scalewas very iregularandthe outerregionof the scale
was discontinuous,consistingof islandsand peninsulasof scale surroundedby deposit.
This gave the appearance of the scale's outer surface having been dissolved in the
depositand reprecipitated. Whetheror notthese precipitateswere formerlypart of the
scale, they representedin some cases a significantamountof metal loss. When the
precipitateswere at the polishedplane, they had the same lightgrey appearance as
polishedscale oxide. In locationswith a high fractionof precipitate,if the area was
recessedbelowthe polishedplanedue to crumblingof the brittledeposit,the colorwas
dark greywithgranularspeckles,the same appearanceas scale oxide recessedbelow
the polishedplane. This resultedin frequentdifficultyin performingcorrosionthickness
measurementsdue to inabilityto visuallydistinguishbetweenrecessedareaswhichwere
all scale and areas whichwere precipitatedscale in deposit. This behaviorwas true of
all the alloysin all of the test sections.
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Figure31. Optical MicrographShowing IronOxide Reprecipitationin Deposit
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7. Another morphologicalfeature resultingfrom diffusionof tube metal elements
intothe depositwas a zone of depositadjacentto the scale havinga high ironcontent
asdeterminedby EDS andcharacterizedby a redcolorunderpolarizedlightmicroscopy.
No chromiumwasdetectableinthesedepositregions. The oxideprecipitatesdescribed
aboveweregenerally,butnotalways,surroundedbythe red, high-irondeposit. However,
precipitateswere notalwayspresentin the reddeposits.

8. In polishedcorrosionsamples,a gap was commonlypresenteither between
the scale and the deposit,or withinthe deposita shortdistance (up to a few hundred
micrometers)from the scale. Where the gap existedbetweenthe scale and deposit,it
was oftenapparentthat someorall of the scalehad alsospalled. The prevalenceof this
gapand itslocationled to speculationthatthe depositin thisregionwas embrittledeither
by high ironcontentor by the presenceof oxideprecipitates,or both.

9. Internalpenetrationof the austeniticalloys occurredat most locationsand
temperatures.Thisoccurredas intergranularor transgranularoxidation,or both. As with
scaling, resistance to internal penetration in these alloys increased with chromium
content. Transgranularoxidationwas generallylimitedto surface metalgrains,and for
some grains, had proceeded until those grains were totally converted to oxide.
Intergranularpenetration,onthe otherhand,oftenextendedseveralgraindiametersfrom
the surface. Thus, metal recessionoccurredpartially by inward diffusionof oxygen
throughthe scale and intothe metal. Thistype of behavioroccurs when scalesare not
very protective,either due to a high concentrationof lattice defects such as cation
vacancies,to a largecompositionalrangesuchas withspineloxide,orto physicaldefects
such as cracksor voids. No differencecould be seen from EDS spectrabetween the
compositionof intergranularoxideandthe scale adjacentto the metalsurface. A small
amount of sulfur, generally just above the EDS detection limit, was present in the
subsurfacemetal,as inthe scales,andwassuspectedof playinga majorrolein reducing
the protectivenessof scalesand increasingthe extent of internalpenetration.There was
no internalpenetrationof any of the ferriticalloys.

DISCUSSION

Most of the characteristicsof MHD superheater/ITAHcorrosioncorrespondto
thoseof hightemperaturecoalashcorrosioninthe presenceof liquidalkaliirontrisulfates
(AIT). Amongthese are the presenceof the normalalkali sulfate, K=SO4in the MHD
case, inthetubedeposit;increasingconcentrationofthe normalalkalisulfatethroughthe
deposittoward the tube surface, at whichthere is a highsulfurpartial pressure;initial
formationof a thin,passivechromiascaleon stainlesssteels;modificationof the chromia
scaleand lossof passivityby one or a combinationof mechanismsincludingdissolution,
electrochemicaldissolutionarisingfrom adjacentsurfaceareasof differingreactivity,and
diffusionof sulfurintothe oxideto forma lessprotectiveoxide/sulfidescale; increased
outwardmigrationof ironand chromiumthroughthe scaleto forma thicker, layeredand
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still less protectivescale; increased inward migrationof oxygen and sulfur throughthe
scale resultingin subsurfaceoxidationand sulfidationand intergranularpenetration;
outwarddiffusionof ironintothe sulfatesalt to form ironsulfate;saturationof ironsulfate
inthe neartubedepositand reprecipitationof ironas Fe20ssomedistancefromthe tube
inregionsof highoxygenactivity;and improvedcorrosionresistancewithincreasingalloy
(or alloycoating)chromiumcontent. Forconventionalcoal ashcorrosion,these features
and mechanismsare describedin articlesby numerousresearchersincludingRapp 11,
Hendryand Lees 12,and Lai 13. Major differencesincludeliquidAIT at temperaturesof
1100-1400"F inthe case of conventionalcoal ash corrosionand itsgeneral absence in
the MHD case as a resultof low SO=;muchlowerMHD corrosionratesunderotherwise
similar conditions;and lack in the MHD case of the bell shaped relationshipwith
temperaturearisingfrom the stabilityrange for moltenAIT. The similaritiessuggestthe
corrosionprocessto be basicallythe same whetherthe salt is liquidor solid,only the
transportand reactionratesbeing different.

Figure 32 showsconventionalcoal ash corrosionrates of a number of alloys
including304H and 310S in a syntheticcoal ash containing34% N_SO4, 41% I_SO4,
and 25% Fe20314. The totalalkalicontentis aboutthe same as inCFFF tubedeposits.
At 1300"F,the corrosionrateof 304H was near 17 mm/yron a linearbasisas compared
to around 1 mm/yr for MHD in the present study. Alloy 310's corrosion in the
conventionalcasewas about14 mm/yrcomparedto about0.2 mm/yrfor MHD. Insimilar
simulatedcoal ash corrosiontestingby NakagawaTM, very similarresultswere obtained
(Figure 33). Alloy 316 had a corrosionrate of 19 mm/yr and alloy 310 a rate of 12
mm/yr.

Comparison of MHD superheater/ITAHcorrosionto corrosionof steam heaters in
actualPC-fired boilersis difficultin that it is difficultto knowto what PC boilercondition
to compare. Most superheatertubes experiencenegligibleor acceptablylow corrosion
becausethey operateat temperaturesor withashcompositionsthat do notproduceAIT
or othercomplexalkalitrisulfates. On the other hand,corrosionas highas 6 mrn/yrhas
been observedon 18-8 stainlesssteel tubes nearthe outletend of radiantsuperheaters
or reheatersTM. Table 7 givesdatagatheredfromcorrosionprobestested inpowerboilers
inthe U.S. and the U.K., allofwhichwere burningcorrosivecoalslz. Maximum measured
corrosionof 347 stainlesssteel rangedfrom0.3 to 0.6 mm/yr. Thisis comparedto alloy
316H in the presentstudywith maximumobservedlinearrates of scaling+ penetration
at near 1100"F of about 1.9 mm/yr. Maximummeasuredcorrosionof alloy310 in the
conventionalplants rangedfrom 0.1 to 1.1 mm/yrcomparedto about 0.6 mm/yrat the
CFFF. DatalSfrom probetests in PhiladelphiaElectric'sEddystoneUnit 1 are shownin
Table 8. The loss rate from an 8000 hourexposureof 347H at near 1100"F was 0.06
mm/yr accordingto thickness loss measurementsand 0.01 mm/yr from weight loss
measurements. Consideringthat CFFF exposureconditionswere highly fluctuating,
includingmany large thermal cycles, comparedto typical power boiler operation,the
corrosion experiencedwould be expectedto be more severe than in actual MHD plant
service. Laboratory probe tests by Natesans under constant simulated MHD final
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Table 7. ConventionalCoal Ash CorrosionData from VariousSuperheater Probes [16]

MaximumMetal Loss, I_m
Materials ..............

GallatinTVA Crist Gulf BaldwinIllinois Drax NP 2000h
4000h Power4000 h Power 3700h

III' I II II IIIIll

T91 - - 575* (HCM12) 300 (600) **
, i ii ii , i,,i i,,

E1250 - - 350 * 200 (200) **
, , i,,,, ...........

17-14Cu-Mo 250 (600) ** 825 * - -

347 100 (150) ** 225 * 250 * -
,, ,,,, ,,, ,,,,,, ,

Alloy 800 100 (275) ** 125 * 325 * -

T310 50 50 * 125 (HR3C) 10 (250) **

T91 Chromised 75 50 (650) ** 50-200 20 (250) **

Cr30A 50 50 75 10 (200) **
,, ill i ,

Cr35A - - - 10 (10) **

In671 - - - 10
,, ,p,, p

gure
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Table 8. Corrosion Probe Data from Philadelphia Electric's Eddystone Unit 1 [18]
i

Sample Weight Loss, mg/cm 2
Position on .............

Probe Material 4000 Hr. Probe 8000 HI. Probe Temp, "F
, , III

i

1 T-91 13.98 46.05
,, iiii

2 T-91 Cr 3.37 19.80
iii i

3 T-91 Cr+V 26.20 43.87
i i i ii i II,I,

4 347ss 7.93 9.25
ii i i,,,,

5 HR3C 5.76 5.64 890-950
i, i, i

6 Incoloy 800H 5.46 6.77
, i ii,

7 Temp CR30A 2.46 4.63ii1|

8 T-91 Cr+V 43.62 43.94
ii ,,,,, i,||,

9 347ss 9.82 10.83 1020-1120
,i iiii .1|,1 i ,..,,. , i

10 HCM 12 56.49 47.10
i ii --

11 347ss Cr 2.81 5.84
i i ii

12 Incoloy 800H 3.44 6.82
, i i. iiiii i

13 Inconel 617 0.97 2.55
i,i i .11lu -

14 Esshete 8.81 10.23 1175-1180
i i

15 T-91 Cr - -
i

16 T-91 Cr+V - -
i iii IIH., ,, ii i i i

17 347 ss - -
i

18 FW 4C 6.32 7.14
iii u

19 Incoloy 800H - - 1280-1310
i ,,., ,,,,,,.

20 T-91 MgZrO 47.98 100.09
ii

21 Temp CR30A - -
i i iiii i i
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superheateroutlet conditions(1100°F metal temperature) showed alloy 304H to have a
linearmetal recessionrate of about0.04 mm/yr. ActualMHD plantconditionsshouldbe
somewhere between the CFFF and lab test extremes, with the result that MHD
superheatercorrosionand corrosionin conventionalsuperheatersdelivering 1000"F
steamare probablyquitesimilar.

None of the tested alloys, with chromiumcontents to 25%, appeared to have
sufficientcorrosionresistanceto meet a linear0.5 mm/yrlosscriterionfor ITAH service
at 1400°F, and it is doubtfulthat parabolickineticswould be maintained in longterm
service,particularlyin regardto localizedpittingattack. Therefore, there is an indicated
need for corrosion testing of alloys which might be expected to have superior
performance,eitherowingto higherchromiumcontent,or formationof aluminaor silica
scales,or betterscale adhesion. Conventionalcoal ash corrosiontestinghas identified
alloyswith superior performance,and their relativeperformancewould be expected to be
much the same for MHD. Highest resistance would be expected of a 50Cr-50Ni alloy,
which would be used as a clad over a less costly and stronger alloy. Superior resistance
has also been shown by a Japanese 35% Cr alloy termed CR35A, which may be used
either as a monolithic tube or as a cladding. Since alloy 310 has insufficient high
temperature strength to be used in monolithic form and since bimetal tubes are more
expensive, a modified alloy 310, termed HR3C, has been developed by Sumitomo with
much superior strength and comparable if not slightly better corrosion resistance. These
and a variety of other promising candidate alloys are pres_,ntlyin test in the CFFF LMF5
test series utilizing Montana Rosebud coal.

The large amount of uncertaintyintroduced by unknownamounts of scale loss
pointout the need for corrosionmeasurementsbased on the change in wall thickness
rather than on remaining scale thickness. The approach to future tube corrosion
evaluationswill be to make pre-exposureultrasonicwall thickness measurementsat
preciselydefinedlocationsandpost-exposureremainingwall thickness,penetration,and
steam-sidescalethicknessmeasurementsfrom polishedsectionsat the same locations.
Gas-side scalethicknessmay be used as a secondarymeasurement. Scale, subsurface,
and deposit examinations would be make as well from the polished sections.

SUMMARY AND CONCLUSIONS

Austeniticstainless steels, low and medium chromium steels, and carbon steel
were testedas tubesfor steam and intermediatetemperatureair heatingin MHD power
plants. Testingwas conductedina 20 MWt facilitywiththe firingof highsulfurIllinois#6
coal seeded with potassiumcarbonate. Tubes were located in three gas temperature
zones and with tube metal temperatures ranging from 700"F to 1400"F. Corrosion
occurredbeneathdepositscontaining75% or more I_SO4. Test exposuresconsistedof
twelvedifferenttest runs over a periodof three years. Tube samples were taken for
evaluation at 500, 1500, and 2000 hour intervals. These evaluations included
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measurement of scale thickness and depth of internal penetration, comparison of
remainingwall thicknesswithinitialultrasonicthicknessmeasurements,andexamination
of scale, penetration,and deposit morphologiesby means of optical and scanning
electron microscopyand by energy dispersive x-ray spectroscopy. The following
conclusionswere made fromthe evaluations:

1. Corrosion resulted from solid state Interaction of tube metals and their scales
with K=SO4in the deposits.

2. Complexalkali trisulfates such as K=Fe(SO4)s,responsible for potentially severe
conventional coal ash corrosion, have been detected on rare Instances in trace
amounts in MHD tube deposits, but are not normally present, probably as a
result of low SO=and SOs concentrations in the flue gas.

3. Many of the corrosion characteristics were similar to those occurring in liquid
phase coal ash corrosion. These Included having the same corrosion
precursor (K=SO4),the same type of scales, and the same migration of iron into
the deposit to produce FeSO4, and precipitation of iron oxide near the outer
boundary of the FeSO4as a result of decreasing sulfur partial pressure and
Increasing oxygen partial pressure.

4. Corrosion resulted in oxide scales containing sulfur either in solution or as
discrete sulfides. Sulfur penetraUonof the scale resulted in enhanced outward
metal ion migration and production of Cr-Fe scales often having multiple layers.
Much separation of these scale layers and scale fracturing occurred,
augmented by the relative large number and intensity of thermal cycling which
occurred. FeSO4 between the scale and the deposit appeared to be a brittle
phase prone to spalling and to contributing to scale spalling. This scale
damage resulted in further corrosion, and this process would eventually reach
a break-away stage wherein scales could no longer be repairad due to
subsurface chromium depletion and rapid attack would occur. However, cyclic
conditions were far more severe in these tests than would be expected in
actual service.

5. Internal penetration of all the austenitic stainless steels occurred as a result of
inward migration of oxygen and sulfur being faster than the outward migration
of cations. This penetration resulted in subscale sulfides in some cases, in
transgranular oxidation/sulfldation of the surface grains, and Intergranular
penetration to a depth of several grains, depending upon the chromium
content.

6. Resistance to corrosion Increased with Increasing alloy chromium content.
Alloy 310 was the most resistant of those tested.
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7. For the austeniti¢ alloys, corrosion appeared to be more somewhat more
Intense within 30-35 degrees of the leading edge.

8. There were numerous cases in which 1500 hour corrosion was substantially
more than 2000 hour corrosion, seeming to indicate some difference in initial
exposure condition between the two sets of tubes.

9. Data was too scattered to determine the corrosion kinetics, I.e. whether
parabolic or ,near with tirne. From the observed severe disruption of the
scales In these tests, accelerated breakaway corrosion would be predicted for
all of the alloys. However, much of the scale disruption was due to highly
cyclic exposure conditions not typical of service in an actual plant.

10. Monotonically increasing corrosion with temperature was expected but was not
generally observed due to the large data scatter.

11. There was no discernable difference in corrosion between TS1 with a gas
temperature of around 2250"F and hard, thick deposits, and TS2, with a gas
temperature of about 1700"F and friable deposits. There was, however,
evidence of more scale spalling at the higher gas temperature.

12. Of the alloys tested at superheater temperatures, only 310 had scale +
penetration less than 0.5 mm/yr (for the first year) on a linear basis, and it
appeared that none would meet that criterion at 1400"F for Intermediate
temperature airheater service. Both alloy 310 and 253MA data showed less that
0.5 mm/yr on a parabolic basis, at both temperatures, while data for the 18-8
stainless steels were variably above or below a perabolic 0.5 mm/yr rate.

13. For the stainless steels, little or no difference was found, at a given metal
temperature, between corrosion at the the leading and trailing edges of tubes.
But carbon and low chromium steels in TS3 showed less corrosion at the
trailing edge.

14. None of the ferritic alloys had Internal penetration, but all had thick scales.
Linear scaling rates were above 0.5 mm/yr for all alloys. Corrosion of alloys
T22 and P5 was generally below a parabolic 0.5 mm/yr, while Tll and carbon
steel were believed to be above, considering suspected scale losses.
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