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ABSTRACT

Firesidecorrosion,causedby liquidalkali-irontrisulfates,has been an
obstacleto highersteamtemperaturesand to efficientutilizationof high-=
sulfur coals. Tests simulatingthe environmentin the superheaterbank of a

" pulverized-coal-firedboilerwere conductedon severalpromisingnew alloys
and claddings. Alloyswere exposedto a varietyof syntheticash and simula-
ted flue gas compositionsat 650 and 700°Cfor times rangingup to 800 hours.

Includedin the testingprogramwere new high-chromium/high-nickelalloys,
modifiedcommercialalloys,lean stainlesssteels(modifiedType 316) clad
with high-chromium/high-nickelalloys,and intermetallicaluminides.

Thicknesslossmeasurementsindicatedthat resistanceto attack improvedwith
increasingchromiumlevel. Siliconand aluminumwere also helpfulin resist-
ing attack,while molybdenumwas detrimentalto the resistanceof the alloys
to attack. Three differentattackmodeswere observedon the alloystested.
Alloyswith low resistanceto attackexhibiteduniformwastage,while pitting
was observedin more resistantalloys. In additionto surfacefluxingby
molten alkali-irontrisulfates,subsurfacesulfurpenetrationand intergranu-
lar attackalso occurred.
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Section 1

INTRODUCTION

- Liquidalkali-irontrisulfateattackhas been a seriousobstacleto raising
steam temperaturesabove 538"C (IO00'F)in boilersfired by coalswith moder-
ate to high sulfurand alkalicontents. The reasonsfor evaluatingnew alloys

" to resisttrisulfateattackinclude:

• Highercoal costs,making supercriticalboilerseconomicallyattractive

• Diminishingreservesof low-sulfurcoal, forcingutilitiesto burn the
largerreservesof moderate-to high-sulfurcoal.

• Single-alloytubing,which can provideadequatecorrosionresistance,may
becomeprohibitivelyexpensiveas the cost of chromiumincreasesand oper-
atingenvironmentsbecomemore demanding. Claddingsand new lower-chromium
alloyscould providean economicalalternativeto more traditionalhigh
(single)-alloytubes.

This researchwas sponsoredby the U.S.Departmentof Energy,FossilEnergy
AR&TD MaterialsProgram,DOE/FEAA 15 10 10 O, Work BreakdownStructureEle-
ment FW-2. The objectivesof this testingprogramwere: to evaluatethe
resistanceof severalpromisingalloysto alkali-irontrisulfate(AIT)attack
in variousenvironments,to characterizethe resultantcorrosionmorphologies,

- and to determinethe corrosionmechanismsof these alloys. Alloys and clad-
dingschosenfor testingconsistedof:

" • Recently.developedcommercialalloyscontainingbetween20- and 35-percent
chromium

• Commercialalloysmodifiedto improvecreep strengthand corrosionresis-
tance (i.e.,Type 316 Mod.)

• Lean stainlesssteelscladwith high-chromiumalloys

• Intermetallicaluminides.

Selectedcommercialalloyswidelyused in pulverized-coal-fired(PC-fired)
boilersprovidedreferencesagainstwhich the corrosionresistancesof the new
alloyscould be gauged. Testingwas conductedat 650 and 700"Cwith synthetic
¢shescontaining10 wt% and 75 wt% alkalisulfatesunder three differentcon-
ditions--anash containing75 wt% alkalisulfatesand a flue gas containing
0.25 vol% SD2,an ash containing10 wt% alkalisulfatesand a fluegas con-
taining0.25 vol% S02,and an ash containing10 wt% alkalisulfatesand a flue

- gas containing1.0 vol% S02. These conditionswere designedto simulatethe
environmentfound in the superheateFsectionof an advancedPC-firedboiler
burningdifferentgradesof coal. The temperatureswere chosento be repre-
sentativeof the skin temperatureof a tube under a layer of ash and to pro-
videconditionscorrosiveenoughto allow us to gathermeaningfultest data in
a short time period. This work has been patternedafter previouswork by Rehn
and Kihara [!-4]. Proceduresand alloy selectionin this programhave been
extensivelyverifiedin reportsby Rehn [!-_].

1



Sectton 2

EXPERIMENTALAPPROACHANDTEST PLAN

2.1 SIMULATINGBOILERCONDITIONSIN THELABORATORY

To simulate conditions within a boiler for the purpose of corrosion
testing, alloy couponswere Coated wiLh a synthetic coal ash, placed in a
sealed retort, and heated Lo the testing temperature (650 or 700"C)while a
simulated flue gas was passed through the retort and over the coupons.

2.1.1 Simulated Flue Gas Creation

Simulated flue gases were continuously blended from cylinder gases.
Figure Z.1 schematically illustrates the gas train used to create the gas mix-
Lures. Nitrogen, carbon dioxide, and air were metered through rotometers into
a commonmanifold. After the gas mixture passed thruugh a water bubbler, S02
was added to the gas stream, and the gas was sent into the experimental re-
torts. Tubing after the water bubbler was heated Lo prevent the condensation
of sulfuricacid in the system.

Simulatedflueg,_seswere composedof 3.6 vol% 02, 14.0 vol% C02,
10.0vol% H20, and either0.25 or 1.0 vol% S02,with the balanceN2. The 02,
CO2, and SO2 levelsin the gas streamwere determinedby analyzingsamples
taken from the gas inlet of the retort.

2.1.2 Synthetic Fuel Ash Preparation

Three synthetic ashes were used in this program; their compositions are
listed in Table 2.1. Ash Compositions 1 and 2 were used during the initial
testing; however, Ash Composition 1 was too corrosive for the length of the
planned tests. A less-corrosive ash, which would be more representative of
ashes found in PC-fired boilers, was chosen for all later tests (Ash 3).

Table 2.1 Ash Compositions (wt%)

Ash _L Ash 2 Ash 3

25 Fe203 90 Fe203 30 Fe203

37.5 Na2S04 5 Na2SO4 5 Na2SO4
37.5 K2SO4 5 K2SO4 5 K2504

30 Al203

30 Si02
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To preparean ash, reagent-gradechemicalslisted in Table 2.1 were
ground in a ball mill and sieved through a 325-mesh screen. After screening,
the powderswere measuredand blendedto form a syntheticash. The ash was
milled for 24 hours to further grind and mix the component powders.

2.1.3 Furnace and Experimental Retort

The retortsfor this projectwere similarto the retortsused in ear-
lier firesidecorrosionstudiesby Rehn [!]. Figure2.2 illustratesa side
view of a retort. Simulatedflue gas was passedfrom the inlet,throughiron
turningsplacedto catalyzeS02 tc S03,over the specimens,and out the ex-
hausttubes. Thermowellsin the retortsmonitoredinteriortemperaturesdur-
ing the experiments.

2.2 BATERIALSSELECTION

Alloys and claddings that appeared to have promising resistance to AIT
attack, along with alloys considered as industry standards, were selected for
examination. The coupons for these tests were 1 in. x 2 in. Three or four
couponswere placed in each tube of the retort. The alloys and claddings se-
lected for testing, with their chemical compositions, are listed in Table 2.2.

2.3 OVERVIEWOF TESTINGSEQUENCE

The experimental technique used in this project follows work conducted
earlier by Rehn [1]. Couponswere stamped and weighed; their thicknesses were
then measured. The top surface of the couponswas coated with a synthetic ash
and they were exposed to simulated flue gas at elevated temperatures. After .
exposure the couponswere either evaluated, re-coated with synthetic ash, or
steam cleaned and recoated with synthetic ash.

Three series of tests were conducted, each test exposure being run in
parallel at both 650 and 700"C. Table 2.3 summarizes the exposure conditions
for each series of tests. Test Series 1 was conducted for 100 and 200 hours
with a high-sulfate ash in a gas containing 0.25 vol% SO2. Test Series 2 was
conducted for 100 and 800 hours with a low-sulfate ash in a gas containing
0.25 vol% S02. Test Series 3 was conducted for 100 and 800 hours with a low-
sulfate ash in a gas containing 1.0 vol% S02.

[o determine the effects of steam cleaning on corrosion rates, dupli-
cate sets of coupons were tested for exposures longer than one lO0-hour cycle.
The ash layer on one set of couponswas replenished between exposures. The
ash was steam cleaned from the secondset of coupons, and the couponswere re-
coated with new ash between exposures.

2.3.1 !n!tlalCharacterl_ationof coupons

All alloyswith the exceptionof CR35A were receivedin couponform; '
Alloy CR35Awas receivedin plate form and machinedto size. Cladmaterials
were analyzedby x-ray spectroscopyto determinewhich surfacewas the
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Table 2.3 Test ExposureConditions

Test 1 Test 2 Test 3

Testing Time
100 hours X X X
200 hours X
800 hours X X

Ash Composition
Ash 1 X
Ash 2 X
Ash 3 X X

6as Composition
Low S02 X X

High S02 X

cladding. Identifyingmarkingswere stampedon the coupons,the couponswere
weighed,and their thicknesswas measuredat each cornerand at the center.

2.3.2 Preparing CouponsBefore Exposure

The following was done to simulate a layer of coal ash on the test
coupons: A binder of ethanol saturated with camphorwas mixed with the syn-

. thetic coal ash to form a paste. This paste was spread over the top .of(thecouponsto form a uniform layer of ash weighin_ approximately I g/in 2 Rehn
[!] found that a coating thinner than 40 mg/in limited corrosive weight loss
for a lO0-hour testing period, while thicker coatings contained ample reac-
tants for the entire testing period.) After coating, couponswere loaded into
the retort; care was taken to ensure that the couponswere set in a horizontal
position in the tubes of the retort.

2.3.3 Exposinq $peci,)ens to a Simulated Boiler Environment

After a retort was loaded, sealed, and lowered into a box furnace, a
nitrogen purge was started, and the retort was brought to temperature. As the
retortwas heating,the camphorbinderwas drivenoff and carriedout with the
nitrogen. When the retortreachedoperatingtemperature,the nitrogenpurge
gas was stopped,and simulatedflue gas was passedthroughthe retort. At the
end of the 100-hourexposure,the furnacewas turnedoff to cool, and a nitro-
gen purge was started.

2.3.4 post-EXposure Steam Cleanlnq and Recoattnq

After exposure the specimenswere sorted into two groups. One group of
" specimenswas recoatedwith freshcoal ash over the previousash, while the

secondgroup of specimenswas steamcleanedand recoatedwith fresh ash. The
specimenswere steamcleanedby holdingthem undera spray of saturatedsteam.



2.4.2 Weight Loss, Thickness Loss, and Pit Depth Measurements

All descaled specimenswere weighed and measured for average and maxi-
mumthickness 'loss. specimen weights were measuredon a Sartorius 1202MP
electronic scale; thicKnesses were measuredwith Mitutoyo digital micrometers.
Average thickness losses were determined by taking measurementsat the corners

. and in the middleof a specimenbeforeand after exposureto the simulated
boilerenvironment,then subtractingthe averagedpreexposuremeasurements
fromthe post-exposuremeasurements.Maximumthicknessloss was determinedby

" measuringthe thinnestarea of a specimenafterexposureand subtractingit
from the preexposureaverage.

2.4.3 Microscopic Examination and Chemical Analysts

To studythe mechanismsof attack,selectedspecimenswere sectioned
and examinedusingopticaland electronmicroscopy. Specimensto be examined
were sectioned,mountedin Bakelite,ground(withwater as a lubricant),and
polished. After preparationthe mountedspecimenswere examinedwith both an
opticalmeasurescope(to determinescalethicknessand morphologicalfeatures)
and an EXECAutoscanelectronmicroscopewith an EDAX9800 energydispersive
x-ray unit (toexaminefine featuresand to analyzechemicalmakeup).



Sectton 3

RESULTSOF FIRESIDETESTING

This section summarizes all relevant weight and thickness loss data from the
experimental portion of the program. Data are given primarily in graphic -
format to allow easily drawn comparisons between alloys. Corrosion rate data
presented in this section are intended for comparing the corrosion resistance
of various alloys-,not as design data. Appendix A contains photographs of the "
exposed specimens that illustrate the morphology of attack.

Several cautions are appropriate when reviewing the graphs and tables pre-
sented in this section:

m Weight loss and thickness loss measurementson the pack cementation-coated
specimens from Ohio State University are misleading. The specimens on
which the corrosion-resistant outer layer was breached showanomalously
high corrosion rates as a result of catastrophic corrosion of the tnner
core. Thus these couponswereevaluated "passfail" depending on whether
the coating was breached.

• The 671 clad lean stainless steel couponshad a layer of lean stainless
steel remaining on the underside of the coupons. This layer lost Bore
metal as a result of gas phase attack and descaling than the 671 layer lost
from AIT attack. The losses from the 671 layer were gauged visually.

• Greater-than-expected wastage rates of several highly alloyed couponsmay
have been caused by the descaling procedure. The highly alloyed specimens
were coated with a hard black scale that defied all but the most severe de-
scalingmethods. Consequently,some basemetal may have been removedfrom .
the specimensalongwith the scale.

• Severalaluminidespecimenssufferedso much wastagethat accurateweight
loss and thicknesslossmeasurementswere no longerpossible.

(
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3.1 RESULTSOFTHE 100- AND200- HOURHIGH-SULFATE0.26 vo1%SO2 TESTS

The testingprogramwas initiallyconductedusing a highlyaggressive
syntheticcoal ash (37.5wt% Na2S04,37.5 wt% K2S04,25 wt% Fe_03)to provide
acceleratedcorrosiontesting. Conditionswere otherwisechosen to be repre-

, sentativeof an advancedPC-firedboilerburninga medium-sulfurcoal: A
simulatedflue gas compositionof 0.25 vol% SO2,3.6 vol% 02, 14.0vol% CO2,
10.0 vol%H20, Bal.N2 and test temperaturesof 650 and 700"C. Materials

- markedwith an asteriskin the graphswere coatedwith a less-aggressivecoal
ash (5 wt% Na2S04,5 wt% K2S04,go wt% Fe203)as _ comparison.

Two 100-hourexposureswere conducted,with ash replenishmentbetween
exposures. Testingwas stoppedafter the second100-hourexposurebecause
therewere unacceptablyhigh corrosionlosses;the corrosionrates of several
specimenswere so high that completepenetrationof the specimenswas pro-
jectedby the end of the thirdor fourthexposure.

3.1.1 Weiqht Loss"_

Weightloss data for specimensexposedat 650"Care shown in Fig-
ure 3.1. Data for specimensexposedat 700°Care shown in Figure3.2. All
data have been normalizedto mg lost/cm2/100hours.

3.1.2 Thickness Losses*t

Data for average thickness losses are shown in Figures 3.3 and 3.4;
maximumthickness loss data are shown in Figures 3.5 and 3.6. All data have

, been normalizedto mils lost/t00hours.

'Specimensare shown leftto right in order of increasingchromiumcontent.
_LSS(leanstainlesssteel)is Type 316 rood.

11



300

280

0 260
.E

0 240
0 ,;;
T'- 220 - .. .
• ,;;

CM //

200 - //

/./

.f/180 77 --

E 160 //
fJ

140 ;./. --

tr" 120 _/. _..

lh # _X f Jl

80 _ /t _ _

Ii /1 "-" \'_

40 // "" \\

// // \\
/// ;;

20 /_ _ __.._'
0 // .... /.- _

Fe3AI FeNI3AI *LSS 17-140uMo 347 RABSH 800 '800

300

280
:3
0 260 "'

t-

O 240 -
O ",

220 -
O

('M

E 200 -
,_u 180 -

E 16o -
_po, ;,,z/,_. • i

(1) 140 _ -x ,_

IT" 120 -

f_ 1O0 ....

°B 40 - ;:: _.'""

NF709 690 690/LSS 690/800 CR35A 72/800 67

__ 100 hours __ 200 hours _ 200 hours(steam cleaned) (recoated) ..

Figure 3.1 Normalized Weight Loss Rates for Alloys Coated With a 75 wt%
Alkalt Sulfate Ash and Exposedat 650°C to a 0.25 vo1%SOz
Flue Gas

12



30O ,'

:3 280 -
0

•_ 260 -
Q
O 240 - 7,

F_
d _ r/

• 220 .....
/i /..,

E _" _;

, _ 200 _/,, //

180 ,._ _

E .-.-_

//

20 - /// _ _o-
Fe3AI FeNI3AI "LSS 17-14CuMo 347 RA85H 800 '800

300

280 -
:3
0 260 -

.E

(:3 240 -

_-" 220 -

E 200 -

180 -

E 160 -

140 -

tr 120 -

100 -

_ _o

1- 6O ,

°_ 40

o , _-_ . _...,,.-_H, _ ,,
NF709 690 690/LSS 690/800 CR35A 72/800 671

100 hours 200 hours
. (steam cleaned) _./////_ 200 hours(recoated)

Figure 3.2 NoPmaltzed Itetght Loss Rates for Alloys Coated Wtth a 75 _c'/,
Alkalt Sulfate Ash and Exposed at 700°6 to a 0.25 vol% SOz
F1ue Gas

13



15

A 14 - / _

,,, /13 - /

o , //e- 12 -

0 11-

10 -

E 9-. i
V

O) 8 -

_ 7- /6 - ,

r- 3 -' ,_,,T-;",1

0

,.N'_.,/,4t,-- .__ _; ,.,.,,

0 _, l_ ..
NF709 690 690/LSS 690/800 CR35A 72/800 671

100 hours _,,,__,_ 200 hours
200 hours

(steam cleaned) _///"/_- (recoated) .

Ftgu_e 3,3 Normalized Thickness Loss Rates for Allo.ys Coated Wtth a 75 wt%
Alkalt Sulfate Ash and Exposed at 650°C to a 0._5 vo1% $0z
F1ue Gas

]4



15

_'_ 14 -

0 13 -
r-

O 12 -
O
_-- 11 -
U)

,_ 10 -
" '' E

// // " "

0 /_ _ _ _/// .... .; _ .'/,

/// _ IA ""/// .... -'._

_" 3 "..1 \'_/_ '¢ _ ///\\ \\// i/ _.\ / +-

I ,_ _ /// _0 ----"/M ",",....
Fe3AI FeNI3AI *LSS 17-14 CuMo 347 RA85H 800 *800

15

14 -
.. Lm

13 -
0
_- 12 -

. 0
0 11 -

10 -I.

E 9-

7 -

6 -

_j 5 - ,/,

U) 4 - ,'N

L

0 2 - _ :_.I _'/A

0 "/'4 _ ""_\x_/,'l
NF709 690 690/LSS 69C/800 CR35A 72/800 671

100 hours _ 200 hours. (steam cleaned) _//X_ 200(recoated)hOurs

Figure 3.4 Normalized Thickness Loss Rates for Alloys Coated With a 75 _c%
Alkali Sulfate Ash and Exposedat 700°C to a 0.25 vo1%SOz
Flue Gas

15



L3O

(i) 28

I::E 26
b

24
(/)

_=t 20 "'
(/) (3
a) t... 18{::

,._ 0 ,e
0 0 16 :,..A,

_"_= 14
E E 12 rh
E lo
lm

2

' 0

Fe3AI FeNi3AI *LSS 17-141 :uMo ,.347 RA85H 800 *800

32

30 -

28 - ""

(1) 26 -

¢1" 24 - .,
(/)
(/) 22
0 I
-J _'E 20-

(/1_ _ 18'
P2")

16 - 7/ ;_.._
(") 14 ,_ "/"

I-- (I) 12 "\ "// "_

E ,/, ,/_

'- o _<7. --- _ ,-,
2 \\_,

NF709 690 690/LSS 690/800 CR35A 72/800 671

100 hours _.__'_ 200 hours _ 200 hours(steam cleaned) (recoated) .

Figure 3.5 Normalized MaximumThickness Loss Rates for Alloys Coated gJth a
75 wt,%A1ka11 Sulfate Ash and Exposedat 650°C to a 0.25 vo1%SOz
Flue 6as

16



32

30 -

28 -

tl" 26-

tj) 24 -t_

o,£. =_
_ _ 20 -

O

t- 18 -

'0 16 -
£,., ..

.--= _ ,_,_ _ ._.

E ,o - .-.- % _,_
8 - -'- /_ _ //

\\ // _/
'_\ //

0 ""%4 ..,. _]
Fe3AI FeNi3AI *LSS 17-14CuMo ,.347 RA85H 800 *800

32I
30

28

26

. £I" 24

22 -
0 ,-_

._1 2O -

0 18 -

t- 16 -

0 0 14 -- ;_

I--_ ,2....
.-- ,'_;

E E ,o- :_,; :;;
v zj., .z.,

E 8 - ":; _ ":;

6- ._//_. /,
.... ;;;

In , "

NF709 690 690/LSS 690/800 CR35A 72/800 671

100 hours _._._ 200 hours V///_ 200 hours. (steam cleaned) (recoated)

Figure 3.6 Normalized Haximum Thickness Loss Rates for Alloys Coated Wttha
75 wt% Alkali Sulfate Ash and Exposed at 700°C to a 0.25 vol% $0z
Flue Gas

17



3.2 RESULTSOF THE 100- AND800-HOURLOW-SULFATE0.25 vo1%SOz TESTS

A second set of tests was conducted with a synthetic coal ash similar
in composition to ashes found in PC-fired boilers (5 wt%Na2S04, 5 wt% K2S04,

30 wt% Fe20_, 30 wt%A1203, 30 wt%SiO=). The simulated flue gas (composition:
0.25 vol% S02, 3.6 vo]% 0=, 14.0 vo]% CO=, 10.0 vol% H20, Bal. N2) is represen-
tative of flue gases found in PC-fired boilers burning medium-sulfur coals.

3.2.1 Weight Loss*

Weight loss data are shownin Figures 3.7 and 3.8. All data have been
normalized to mglost/cm2/lO0 hours.

3.2.2 Thickness Losses*

Data for average thickness losses are shownin Figures 3.9 and 3.10;
maximumthickness loss data are shownin Figures 3.11 and 3.12. All data have
been normalized to mils lost/lO0 hours.

• j

"Specimensare listedin order of increasingchromiumcontent.
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o

3.3 RESULTSOF THE 100- AND800-HOURLog-SULFATE1.0 vol% SO2 TESTS.__

Tests were conductedwith a syntheticcoal ash similarin composition
to ashesfound in PC-firedboilers(B wt% Na2SO4, 5 wt% K2SO4, 30 wt% Fet03,
30 wt% Al=03,30 wt% SlOt), The simulatedflue gas (composition:1,0 vol%
SOt, 3.6 vol% 02, 14,0 vol% COt, 10.0vol% HtO,Bal. N=) is representativeof
flue gases found in PC-firedboilersburninghigh-sulfurcoals,

• 3.3.1 HeightLoss*

Weightloss data are shownin Figures3,13 and 3,14, All data have
been normalizedto mg lost/cm_/100'hours.

3.3.2 Thickness Losses,

Data for averagethicknesslossesare shown in Figures3.15 and 3,16;
maximumthicknesslossdata are shown in Figures3.17 and 3.18, All data have
been normalizedto mils lost/t00hours.

m

'Specimensare listedin orderof increasingchromiumcontent.
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3.4 EVALUATIONOF CHROMIZEDSPECIMENS

The chromized specimens evaluated in this project consisted of a low-
alloy core coated with a high-chromium/high-silicon layer. Th_se specimens
were not evaluated by weight and thickness loss measurements, but by visual
observations of the integrity of the coating. Table 3.1 summarizes the condt-
tton of the chromized specimens after exposure to various environments. .

Table 3.1 Vtsual Evaluations of ChromtzedSpecimensExposed
to Various Simulated Boiler Environments

J

Environment . Condlt_on

High-Sulfate Ash, 0.25 vol% SOz in Flue Gas

650"C, 100 hours Coating Breached
650"C, 200 hours steam cleaned Coating Breached
650"C, 200 hours recoated Coating Breached

700°C, 100 hours Coating Breached
700°C, 200 hours steam cleaned Coating Breached
700"C, 200 hours recoated Coating Breached

Low-Sulfate Ash, 0.25 vol% SO2 in Flue Gas

650"C, I00 hours CoatingIntact
650'C,800 hours steamcleaned CoatingIntact
650°C,800 hours recoated CoatingIntact

7UO'C, 100 hours CoatingIntact
700"C,800 hours steamcleaned CoatingBreached
700°C,800 hours recoated CoatingBreached
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3.5 EVALUATIONOFLEAN STAINLESSSTEELCLADWITHTYPE671

The specimens of lean stainless steel clad wtth Type 671 that we re-
ceived contained a thin backing layer of lean stainless steel. Becausema-
chining off the backing layer was impractical, the specimens were exposed in
the sameconditions they were received. Unfortunately, the lean stainless
steel backing suffered greater losses as a result of gas-phase attack and
descaling than the Type 671 layer did by coal-ash attack. Becauseof the high
losses of the backing, the specimens were evaluated visually. Table 3.2 lists
the condition of the Type 671 layer after exposure to various environments,

Table 3.2 Vtsual Evaluations of Lean Stainless Steel Clad With
Type 671 to Various Simulated Boiler Environments

Environment Condition

High-SulfateAsh, 0.25 vol% SO2 in FlueGas

650°C, 100 hours Light Pitting
650"C,200 hours steamcleaned Pitting
650"C,200 hours recoated Pitting

700°C,100 hours Minor SurfaceAttack
700°C,200 hours steamcleaned Minor SurfaceAttack
700°C,200 hours recoated No Corrosion

Low-SulfateAsh, 0.25 vol% SO2 in FlueGas

650'C,100 hours No Corrosion
650"C,800 hours steam cleaned No Corrosion
650"C,800 hours recoated Minor SurfaceAttack

700°C,100 hours No Corrosion
700°C,800 hours steam cleaned Minor SurfaceAttack
700°C,BOO hours recoated Minor SurfaceAttack

Low-SulfateAsh, 1.0 vol% SO2 in FlueGas

700°C,100 hours Minor SurfaceAttack
700"C,800 hours steamcleaned Minor SurfaceAttack
700"C,800 hours recoated Minor SurfaceAttack
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Section 4

EFFECTSOF ENVIRONMENTALVARIABLESANDCOMPOSITIONONRESISTANCE
OF MATERIALSTO ALKALI-]IRONTRISULFATEATTACK

d

4.1 EFFECTSOF CHRONIUMON'ALLOyRESISTANCE

Past studies by Rehn [-_1_:_3.]and Kihara and Wolowodiuk [4] have shown
the strong influence of chromium content in an alloy on the corrosion resis-
tance of that alloyto trisulfateattack. Figure4.1 presentsthe relative
corrosionrates of the alloystestedin relationshipto their chromium
content. The trendshown confirmsthe resultspreviouslymentioned:the
corrosionresistanceof an alloy increasesas chromiumcontentrises. Fig-
ures 4.2 through4.4 show subsetsof the plot in Figure4.1. Figures4.2,
4.3, and 4.4 respectivelyshow the corrosionrates for alloysexposedto 0.25
vol% S02 while coatedwith coal ash containing10 wt% alkali sulfates(the
mildestenvironment),alloysexposedto 1.0 vol% SO2 while coatedwith coal
ash containing10 wt% alkalisulfates(a moderateenvironment),and alloys
exposedto 0.25 vol% S02while coatedwith coal ash containing75 wt% alkali
sulfates(theharshestenvironment). As Figures4.2 and 4.3 illustrate,the
alloyscontainingchromiumabove 25 wt% (approximately)exhibitedratherlow
corrosionrates in environmentssimulatingconditionsinsidea boilerfiring
moderate-tohigh-sulfurcoals. Even when subjectedto a syntheticash much
higher in trisulfatecontentthan would ever be found in a boiler,alloyswith
a chromiumcontentgreaterthan 25 wt% performedmuch betterthan the alloys
with chromiumcontentsless than 25 wt%. Among the alloyingelements
evaluatedin this study,nonewas as effectiveas chromiumin providinghot
corrosionresistance.

4.2 EFFECTSoF OTHERALLOYINGELEMENTSONALLOYRESISTANCE

Elements other than chromium have both beneficially and detrimentally
affected the corrosion resistance of an alloy to AIT. In a laboratory study
by Rehn [!], AL-6X, containing 6-percent molybdenum,had less resistance to
AIT attack than similar alloys without molybdenum(IN-840 or Type 310). Ki-
hara and Wolowodiuknoted greater wastage rates on Inconel 617 than on alloys
with similar chromiumcontents [4]. They attributed this greater wastage to
the high molybdenumcontent of Inconel 617 (8.5 percent). Figure 4.5 illus-
trates the comparative corrosion rates of six stainless steels in four differ-
ent environments. The alloys shownrange in chromium content from 14 to
30 wt%. Alloys containing I to 4 wt% molybdenumare marked with an asterisk.
These alloys display less resistance to corrosion than alloys with comparable
chromium contents (Type 347, RA85H,HR3C), validating the previous worK.

A clear consensuswas not reached in previous studies on the effects
that aluminumand siliconhave on the corrosionresistanceof an alloy. Both .
siliconand aluminumwere found by Rehn to be beneficialin reducingcorrosion
of alloysexposedto 100 percentAIT [I]. Rehndevelopeda high-silicon/
high-aluminumalloy,Alloy 4C, (20%Cr, 20% Ni, 2.5% Si, 2.0% Al), which
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Figure 4.5 Average Thickness Loss Rate of Alloys Containing 14- to 30-Percent
Chromium (Alloys marked wtth an asterisk contain between 1 and
4 percent molybdenum.)

showedmarkedly better corrosion resistance in 100 percent AIT than alloys of
similar chromium and nickel contents. In a later work, Alloy 4C and high-
silicon high-aluminum commercial alloys were exposed, using ashes containing
between 2.5% and 10%alkali sulfates. In these tests silicon and aluminum had
no noticeable beneficial effects [:_].

As shown in Figure 4.5, RA85H, a high-silicon high-aluminum alloy with
a chromium content between that found in Type 347 and the modified 800H dis-
plays twice the corrosion resistance of the former and three times the corro-

• sion resistance of the latter, a finding that would seem to validate Rehn's
work.
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4.3 CLADALLOYS

Figure4 6 illustratesthe comparativecorrosionresistanceof base
metalsand claddingof the same nominalcomposition,The claddingperformed
as well as the base metalswithinthe range of scatterfor these tests. Two
exceptionsare the 6go cladType 316 exposedto 0,25 vol%S02 at 700'C and the
72-clad BOO exposed to 0.25 vol% SO2 at 700'C. The reasons for the lowered
corrosionresistanceof these specimensare discussedin Section4.8,
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Figure 4.6 Average Thickness Loss Rates of Various Monolithic Alloys and
Claudings Coated With Ash Containing 10 wt% Alkali Sulfates
and Exposed for 800 Hours

40



4.4 ALUMIN[DEALLOYS

corrosion losses of the aluminide alloys and two stainless steels are
shownin Figure 4,7. Aluminide alloy development projects were undertaken
concurrently with this test program, consequently improved alloys unavailable
at the beginningof the programwere incorporatedin laterstages.

Ironnickelaluminidespecimensperformedpoorlyin all environments.
At 700"C,when exposedto a flue gas containing1.0 vol% S02the iron-nickel

• aluminide suffered catastrophic wastage. Most of the specimen was completely
converted to scale. The morphology of attack on the iron-nickel aluminides
appears to be primarily oxidation and sulfidation rather than liauid salt
attack. In contrast to the iron-nickel aluminide, the iron alumlnides did not
suffer catastrophic wastage. Both aluminides were subjected to approximately
the samedegree of attack as the low-chromium stainless steels, with the iron
aluminide containing 5 wt% chromium generally suffering less wastage than the
iron aluminide containing 2 wt% chromium.
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4.5 INFLUENCEOF ENVIRONMENTONWASTAI_ERATES.

The effectsof temperature,SOt concentrationin the fluegas, sulfate
contentof the ash,exposuretime, and steamcleaningbetweenexposureson the
corrosionratesof variousalloysare discussedin the followingparagraphs.
To preventconfusionand "informationoverloads"only the corrosionratesof a
representativeselectionof alloysin selectedenvironmentsare given.

Figures4.8 through4.10 presentthe effectsof temperatureon the
averagethicknessloss rates of a'loys. Figures4.8 and 4.9 show the corro- "
s_on ratesof alloyscoatedwith a coal ash containing10 wt% alkalisulfate
and exposedto a fluegases containing0.25 and 1.0 vol% SO2 respectively.
Figure4.10 illustratesthe corrosionrates of alloyscoatedwith a coal ash
containing75 wt% alkalisulfateswhile exposed to a flue gas containing
0.25 vol% S02.

The alloyscoatedwith the low-sulfateash and exposedto 0.Z5 vol%
S02 (FigUre4.8) show minimalwastageat 650"C,indicatingthat liquidAITs
may have had difficultyformingbecauseof the lowerS02 level. Specimens
exposedat 700'Ccardbe dividedintotwo groups--alloysexhibitingwastage
rates similarto those exposedat 650"C and alloyssufferingmuch greater
wastageat 700"C than at 650'C. A possibleexplanationfor this behavioris
that the alloyswith highwastagerates promotethe formationof a liquid
phase. Severalof the alloysexhibitinghighwastagerates containeda
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Figure 4.8 Average Thickness Loss Rates of Representative Alloys Coated With
Ash Containing 10 wt% Alkali Sulfates and Exposedat 650 and 700"C
for 800 Hours to Flue Gas Containing 0.25 vol% SO2
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substantialamountof molybdenum,which had been found by Rehn to promoteAIT
attack[!].

Lower-chromiumalloysexposedto a flue gas containing1.0 vol% S02
while coatedwith the lower-sulfatecoal ash (Figure4.9) sufferedgreater
wastagerates at 700"Cthan at 650"C,while the higher-chromiumalloys(690
and CR35A)exhibitedapproximatelythe same corrosionrates at 650"C as at
700°C. Note also that the corrosionrates of the alloysdrop as the chromium
contentof the alloy increases,illustratingthe beneficialeffectof chro-
mium.
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Figure 4.9 Average Thickness Loss Rates of Representative Alloys Coated With
Ash Containing 10 wt% Alkali Sulfates and Exposedat 650 and 700"C
for 800 Hours to Flue Gas Containing 1.0 vol% SOz

. The alloyscoatedwith a 75 wt% alkalisulfatecoal ash while exposed
to 0.25vol% S02 flue gas (Figure4.10)did not displaya consistenttempera-
turedependence. The two higher-chromiumalloys(690 and CR35A) suffered
greatercorrosionlossesat 650°Cthan at 700"C,a dependencefound in pre-
vious studiesby Kihara [4] and Rehn [I].
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The effectsof increasedSO2 in the flue gas and a higher sulfatecon-
centrationin the coal ash are illustratedin Figures4.11 through4.14. Fig-
ures 4.11 and 4.12 displaythe effectsof S02 concentrationon the corrosion
rates of alloyscoatedwith 10 wt% sulfatecoal ash and exposedfor eight
100-hourcyclesat 650 and 700"C respectively,with ash replenishmentbetween
cycles. Figures4.13 and 4.14 showthe effectsof an increasedsulfatecon-
centrationin the coal ash on the corrosionrates of alloysexposedto flue
gas containing0.25 vol% SO2 and for 100 hours at 650 and 700"Crespectively.
An increasein both the SO_ concentrationin the flue gas and the sulfatecon-
centrationin the coal ash would be expectedto producea more aggressive
environment.As shown in the figures,an increasein eitherthe SO_ levelor
the sulfateconcentrationwill raisethe corrosionrate.

44



2

-... 1.9

1,8

_ 1.7
e-

1,6

_ 1.5

_ 1.4

1,2

_ 1.1 ,

3 '

_ 0,7

"_ 0,6

04 ._0,3

(_ o,2

,_ 0,1
I !

re3AI-SCr 1"7-14CuMo [ I_A85H 690 1
LSS 347 800 (MOD) CR35A

o.2svol%so= [_\\\\\\_1_.ovol%so2
Figure 4.11 Average Thickness Loss Rates of Representative Alloys Coated Wtth

Ash Containing 10 wt% Alkali Sulfates and Exposedat 650"C for
800 Hours to Flue 6as Containing Either 0,25 or 1,0 vol% SOz

8

-t
I¢1
L_

0 7

E _- &_

,.j ".'.'.

• 0 l

Fe3Al'-SCr 17-- 14CuMo I RA85H 690 I
LSS .347 800 MOD) CR35A

• _ 0.25 vol% SO2 _ 1.0 vol% SO=

Figure 4.12 Average Thickness Loss Rates of Representative AlloysCoated With
Ash Containing 10 vrk%Alkalt Sulfates and Exposed at 700"C for
800 Hours to Flue 6as Containing Either 0.25 or 1.0 vol% $02

45



9

0 8 -

r-

O 7 - "_
"_

E 6-
C/) _\x,

01 4 ""\"' .X.\"q -',.NN

¢J 3 ,.\xx i ,-\\_, x.x,, ,.\\x• _ .... _ - -- xx.xx ........ .,x_x x_x,, xx.,,xl ....

,,,, _.x xx x_\\ \\\NI ,-x-x-_,xxx ,\_.._ xx, xx.\_d ,'_x,

a) 2 ,.. ,-x.'x_ "" ,',NN ....
_.xx , x x, x-..XXl

..\x ..\\x NNN

_'_ 1 _.x.Nx .... '....x.\ ,,\x_\ _x\,

o _"_'_" _ "_ "_ "...... ""%".... \\\\

'.SS 17-14CuMo 347 RABSH 800 (MOD) 690 CR35A

Low Sulfate _Nx_Nx_lHigh Sulfate

Figure 4.13 Average Thickness Loss Rates of Representative Alloys Coated Wtth
Ash Containing Etther 10 or 75 wt.'/, Alka]t Sulfates and Exposed at
650"C for 200 or 800 Hours Respectively to Flue Gas Containing
0.25 vol_, SOa

9

o= 8-
.E

g,

3

e N

o N
LSS 17-14CuMo .347 RA85H 800 (MOO) 690 CR35A

Low Sulfate _ High Sulfate

Figure 4.14 Average Thickness Loss Rates of Representative Alloys Coated With
Ash Containing Etther 10 or 75 wt.'/, A]kali Su]fates and Exposed at
700"C for 200 or 800 Hours Respectively to Flue Gas Containing
0.25 vol_, 502

46



.

The corrosionrate of an alloyafterdifferentlengthsof exposure
time can be usedto determinewhetherpassivationis takingplace or whether
breakawaycorrosionis occurring. Figures4.15 through4.1B illustratehow
the corrosionrates of variousalloyschangewith exposuretime in different
environments.

Figures4.19 through4.22 presentcorrosionrates of specimenssteam-
cleanedbetweenexposuresand specimenswhere freshash was added between
exposures. Summariesof the lossesincurredundervariousconditionsare
shown in Figures4.23 through4.25. No patternruns throughall combinations
of alloysand exposureconditions;however,severaltrendsdo exist. The
corrosionrate increaseswith exposuretime for alloyscoatedwith high-
sulfateash (Figures4.15, 4.16, and 4.23),indicatingthat eitherbreakaway
corrosionis takingplace or there was a long inductiontime for AIT to form
initially. The alloyscoatedwith low-sulfateash generallyshoweddecreasing
corrosionrateswith time, indicatingthata passivelayer had formed. How-
ever, the couponscoatedthe lowersulfateash and exposedto 1.0 vol% S02 at
700"C showconflictingtrendsbetweenalloys. This conflictingbehaviormay
indicatethat alloysexposedto this set of conditionsare on the borderbe-
tween.passivityand breakawaycorrosion.
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4.6 MACROSCOPICEXAMINATIONOF EXPOSEDSPECIMENS

Photomacrographsof selected specimensare shownin Figure 4.26.
These specimensexhibit the range of corrosion morphologies found durtng test-
ing. The severity of attack on these coupons ranges from surface blemishes
and discoloration, through tsolated pits and patches of corrosion, to untform
wastage, A complete photographic record of exposed specimens is presented in
Appendix A. The specimens coated with an ash compr!stng of 75 wt% sulfates
and exposed to a flue gas containing 0.25 vol% so= displayed the following

" corrosionmorphologies:

= The modifiedType 316 specimenexhibiteduniformwastageover its entire
surface;small scallopeddepressionsgave the surfacea pebbledappearance.

= The 690 specimensuffereddeep, trench-likepits betweensectionscom..
pletely'freefrom corrosion. The trenchesappearedto be made of numerous
small,interlockedpits.

= Corrosionon the ironaluminidespecimenleft a rough mottledsurface.

= The alloyscontainingchromiumfor corrosionprotectionprimarilyhad a
corrosionmorphologyconsistingof regular,shallow,scallopedpits,while
the aluminidespecimenstendedto corrodein uneven,roughenedpatches.

Specimensexposedto a flue gas containing0.25 vol% SO2 while coated
with an ash containing10 wt% alkalisulfatesshoweda much lesserdegreeof
corrosionthan the spec.imenscoatedwith a 75 wt% alkalisulfateash. In this
rathermild environment,all specimensexhibitedsurfaceblemishesand iso-
lated pits only. Increasingthe S02 in the fluegas from 0.25 to 1.0 vol%,
while keepinga coal ash containing10 wt% alkalisulfates,moderatelyin-
creasedthe wastagerates of the specimens. In each case the corrosionmor-
phologiesfound are similarto those causedby exposureto a flue gas
containing0.25 vol% SO2 while coatedwith an ash containing75 wt% alkali
sulfates.

= The 690 specimenshoweda heavy blemishand the beginningsof the trench-
like pittingmorphologyfound in the specimenexposedto a coal ash con-
taining75 wt% alkalisulfates.

= The modifiedType 316 specimensuffereduniformcorrosion.

= The irona'luminideshoweda slightlyroughenedsurface.
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Modified Iron
316 690 Aluminide

75 wt% Sulfate Ash

0.25 vol% S02

10 wt% Sulfate Ash

0.25 vol% S02

10 wt% Sulfate Ash

1.0 vol% S02

1-1/4x 6so'c

Figure 4.26 Representative SpecimensAfter Exposure to Various Environments
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4.7 MICROSCOPICANALYSISOF COUPONSANDCORROSIONPRODUCTS

After exposure,the morphologyof selectedcouponsand samplesof ash
and scalewere examinedusing opticaland electronmicroscopy. The chemical
compositionof various:_ampleswas alsoevaluatedby an electronmicroscope
equippedwith a energydispersivex-ray analysisunit. This unit allowed

• qualitativechemicaldeterminatinnof elementswith an atomicweight >11 (the
atomicweightof sodium).

Representativephotographs,SEM images,and x-raymaps of the corroded
specimensare presentedin Figures4.27 through4.43. Specimensdisplayedin
Figures4,27 through4.30, 4.32,and 4.33 were not cleanedafterexposure.
These specimenswere coaledwith a 10 wt% alkalisulfatecoal ash and exposed
to fluegas containing1.0 vol% S02at 700°Cfor 200 hours. A 690specimen
exposedfor 800 hours to this sameenvironmentis shown in Figures4.34 and
4.35. Figures4.27 and 4.28 show an ironaluminidealloyedwith 2 wt% chro-
mium. This alloywas exposedto flue gas containing0.25 vol% S02 at 700°C
for 200 hourswhile coatedwith an ash containing75 wt% alkalisulfates.
Finally(forcomparison),Figures4.39 and 4.40 show a sampleof Type 310 Nb
exposedfor 16,000hours in a PC-firedboiler.

A sectionthrougha corroded17-14CuMo couponat 700"C is shown in
Figures4.27 and 4.28. The corrodingsurfacein Figure4.27 shows a smooth
interfacebetweenmetal and ash,with no indicationsof subsurfaceenrichment,
intergranularattack,or the formationof subsurfacesulfidesand oxides. To
confirmthis,the maps of chemicalconcentrationin Figure4.28 do not show
any depletionor enrichmentof the primaryalloyingelementsor any subsurface
concentrationsof sulfur. An interestingfeatureof the ash is the regionsof

600X SEMImage

" Figure4.27 CorrodedSurfaceof a 17-14CuMo SpecimenCoatedWith Ash Con-
taining10 wt% AlkaliSulfatesAfter Exposurefor 200 Hours at
700"C to FlueGas Containing1.0 voi% SO_. (Toparea of image
shows ash coating;bottomarea is specimen.)
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600X Relative Concentration of Eleme.t

Figure 4.28 X-Ray Hap of Corroded Surface of 17-14 CuMoSpecimenCoated With
Ash Containing 10 wt%klka11 Sulfates After Exposure for
200 Hours at 700"C to Flue Gas Containing 1.0 vo1%SO2
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high sulfurand eitherhighnickelor high chromium. These may be pocketsof
chromiumand nickelsulfidewhich have precipitatedin the ash layer. The
chromiumlevel in this alloywas apparentlytoo low to form a protectivebar-
rier againstmoltenAIT attack,and the alloywas simplyfluxedawaywith no
subsurfaceinteractions.Examinationof specimensexposedfor 800 hoursdid
not show any significantdifferencesin microstructurefrom the specimenjust
described,supportingthe hypothesisthat this alloydid not containenough
chromiumto passivate.

Figures4.29 and 4.30 show a cross-sectionof RABSH coatedwith ash
after exposurefor 200 hoursat 700°C. As shownin Figure4.29, the corroded
surfaceis jagged,with intergranularattackand subsurfacepenetrationtaking
place. Chromiumappearsto have beendepletedfromthe alloy to form a
chromium-richlayer alonggrain boundariesand at the interface,where it
formedsulfidesand oxides. Near the interface,where chromiumdepletionhas
taken place,nickelhas been selectivelyenriched. In severallocationshigh
concentrationsof nickeland sulfurtogetherwould seemto indicatethe forma-
tion of nickelsulfides. The high concentrationof sulfurat the interface,
combinedwith areas that seemto be chromiumand nickelsulfides,raisesthe
possibilitythat an oxidation-sulfidationreactionsare takingplace in addi-
tion to fluxingby moltenAIT. The iron in this alloy is removedby transport
acrossthe chromium-and sulfur-richzone intothe ash. Figure4.31 displays
an RABSH specimenwhich has been exposedfor 800 hours at 700°C. Intergranu-
lar attackhas takenplaceto a pointwhere grainsare beginningto fall out.

600X SEM Image

- Figure.4.2g Corroded Surfaceof RA85HSpecimenCoated With Ash Containing
10wt% AlkaliSulfatesAfter Exposurefor 200 Hours at 700"C
to Flue Gas Containing1.0 vol% SO_. (Top area of image
shows ash coating;bottomarea is specimen.)
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600X Relattve Concentration of Element

Figure 4.30 X-Ray Hap of Corroded Surface of RA85HSpectmenCoated Wtth
Ash Containing 10 wt%Alka11 Sulfates After Exposure for
200 Hours at 700"C to Flue Gas Containing 1.0 vo1%SO2
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Figure 4.31 Corroded Surface of RA85HSpecimenCoated Wtth Ash Containing
lOw t% Alkali Sulfates After Exposure for 800 Hours at 700"C
to Flue Gas Containing 1.0 vol% 502. (Note intergranular
attack on specimen surface,)
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A sectton through a corroding CR35Acouponexposed at 700"C for
200 hours is displayed in Figures 4.32 and 4.33. As Figure 4.32 shows, the
meta] surface is untouchedexcept for one small blemish. The blemish seemsto
be enriched in chromiumand sulfur in sections, whtle depleted in chromium in
other sections. One explanation for this morphology is that the blemish was
formed by chromiumsulfidation. In areas of high oxygen activity, the sul-
fides were oxidized, recycling the sulfur into SO2and SO3. Around and atop
the blemish, chromiumhas depleted from the alloy to form a thin, dense layer.
An Iron-rich band has formed above this layer, and a small quantity of chro-
miumhas diffused into it.

1200X SEMImage

Figure 4.32 Corroded Surface of CR35ASpecimenCoated With Ash Containing
10 wt%Alkali Sulfates After Exposure for 200 Hours at 700"C
to Flue Gas Containing 1.0 vol% SO2. (Note beginning of pit
in middle of photograph.)

The corrodedsurfaceof a monolithic690 specimenafter exposureat
700"C is shown in Figures4.34 and 4.35,with an accolapanyingx-ray map of
chemicalcompositionshown in Figure4.36. Th_s specimenhas been exposedfor
800 hours,ratherthan the 200 hours of exposurefor the previouslyshown
specimens° As illustratedin both the opticalphotomicrographand SEM image,
the specimenis being attackedby a sulfidationand oxidationfrontmoving
down from the surface,depletingthe surfacemetal of chromium. This deple-
tion destroysthe passivechromiumoxide scaleand allowsAIT attackto occur.
The attackmorphologyseenon this specimencould be the same form of attack
seen on the CR35A specimenshown in Figures4.32 and 4.33. This formof at-
tack is only noticeablein higher-alloyspecimensexposedfor longerthan
100 hours.
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1200X Relative Concentration of Element

Figure 4.33 X-Ray Hap of Corroded Surface of CR35ASpecimenCoated 14ith Ash
Containing 10 wt'/. Alkalt Sulfates At'ter Exposure for 200 Hours
at 700"C to Flue Gas Containing 1.0 vo1%SO2
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Figure 4,34 Corroded Surface of 690 Specimen Coated Wtth Ash ContainIng .
10 _rt_ A1ka11 Sulfates After Exposure for 800 Hours at
700"C to Flue Gas Containing 1.0 vol_ S02o (Note chromium
depletion and oxidation/sulfidation on specimen surface.)
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600X SEMImage

Ftgure 4035 Corroded Surface of 690 SpoctmenCoated Wtth Ash C_ntatntng
10 wt% Alkalt Sulfates After Exposure for 200 Hours at
700"C to Flue Gas Containing 1.0 vo1%SO=. (Note chro_tum
depletion and oxidation/sulfidation on spectmen surface.)

A pit in iron aluminide,filledwith corrosionproducts,is shown in
Figure4.37,with an accompanyingx-raymap of the metal and depositshown in
Figure4.38. The depositappearsto havea lamellarstructure,with a thin
layer containinga high concentrationof sulfur,and a iron-richregionas the
outermostlayer. There appearsto be no depletionin the alloy itself,in
contrastto the stainlesssteelsand nickel-basedalloys. Rather,the corro-
sion front appearsto be a sharpdemarcationbetweencorrodedmaterialand
sound alloy.

For comparisonwith the laboratoryspecimens,an Alloy 310 Nb tube,
which was exposedfor 16,000hours at the TennesseeValleyAuthorityrsGalla-
tin Station,is shown in Figures4.39 and 4.40 [_]. The corrosiveattackon
this specimenis fullydevelopedand may be assumedto have reachedsteady
state conditions. As illustratedin Figure4.40, four attackmechanismsare
occurring: chromiumhas beendepletedfrom the area aroundthe grain bound-
aries,subsurfacemetal has beendepletedof chromiumand enrichedin nickel,
chromiumsulfideshave formedin the subsurfacemetal,and AI'Fattackhas oc-
curred. All of these attackmechanismsare found on variousspecimensexposed

" duringlaboratorytesting,indicatingthatexposuresconductedunder labora-
tory conditionsprovidesimilarconditionsto those found in operatingutility
boilers.
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GOOX Relative Concentration of Element

Figure 4.36 X-RayHapof CorrodedSurface of 6goSpecimenCoatedWith Ash
Containing 10 wt%Alkali Sulfates After Exposure for 200 Hours
at 70O'C to Flue GasContaining 1.0 vol%SOz
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600X SEHImage

Figure 4.37 Corroded Surface of Iron Alumtntde SpecimenContaining 2%Chro-
mium ChromiumCoaCedNtth Ash Containing 10 wt% Alkalt Sulfates
After Exposure for 200 Hours at 700"C to Flue Gas Containing
1.0 vo1%$0z. (Note ptr growing from specimen surface at bot-
tom of photograph.)
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600X kelattve Concentration of Element

Ftgure 4.38 X-Ray Hap of Corroded Surface of ]ton Alumtntde SpectmenContain-
ing 2% ChromlumCoated With An Ash Contalnlng 10 _% A1ka11
Sulfates After F_posure for 200 Hours at 700"C to Flue Gas
Containing 1.0 vol_ SO2
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600X Relattve Concentration of Element

Figure 4.40 X-Ray Flapof Corroded Surface of 310 Nb Specimen After Exposure
for 16,000 Hours !n Pulverized-Coal-Fired Boiler
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4.8 ANALYSISOF CLADCOUPONS

ComparingLhe corrosionmorphologiesdescribedabove, severaltrends
becomeevident. Alloyswith littleintrinsicresistanceto AIT attack,or
alloysexposedto highlyaggressiveenvironments;do not show subsurfacechro-
mium depletion. Alloysthatwere ;esistantto attackand were exposedto

- moderatelyaggressiveenvironmentssufferedsubsurfacechromiumdepletion
belowthe attackedareas. Alloy310 Nb, whichwas exposedin an operating
utilityboiler,also exhibitedsubsurfacechromiumdepletion,indicatingthat

" this is not the resultof the experiment. Intergranularattackalso occursto
varyingdegreesalongwith generalizedsubsurfaceattackon the more highly
resistantalloys. A fullydevelopedexampleof this attackcan be seenon
Alloy310 Nb, which has been exposedfor 16,000hours.

The unexpectedlyhigh rateof corrosionin the modifiedAlloy 316
specimenclad with Alloy 6.qOmay have been the resultof the coalescenceof
chromiumcompoundsat the grainboundaries,leadingto intergranularattack.
Figure4.41 showspatchesof grainsfallingfromthe specimensurface. What
appearsto be chromiumcarbidesare "decorating"the grain boundaries. In
additionto intergranularattack,oxidation/sulfidationand AIT attackare
occurringon this specimen. Figure4.42 shows a patchof this form of corro-
sion. A band of sulfidationand oxidationis precedingthe AIT attack. In-
tergranularattack,generalizedoxidationand sulfidation,and AIT attackmay
interactsynergistically.If localizedintergranularattackcreatespitting
on the surfaceof the specimen,a corrosioncellmay formbetweenthe AIT in
the pit and the AIT elsewhere,greatlyenhancingcorrosionrates in the pit.

The specimenof Alloy 800 clad with Alloy 72 (Figure4.43) suffereda
higher-than-expectedrateof attackbecauseof thepresenceof the Alloy 800H
basematerial,_:_hi<:hwas not completelymachinedfrom the surface. The fusion
line betweenthe vase metal on the top and the claddingon the bottomis
clearlyvisiblein the photograph.

71



:.:P.:I

.!:i_:ilEJ,_'
,, li!i,

lii_i!!!!r_'i,,::,:i; :....

"; ............. , ii .!..:.:.:...: ::.,.,: : .. :.::..:,:._.,,:: . ,_I......

p 4 d " . 4 IFr t" .:q_ 4 I : " ..._V_ "] _.:. .::_.'F' .::6=_I"' d ' : _ "" r, 'qf : " _ di* : ..... _ '_}''ti:_ ' ..... ' " . _, 6 . p , . 'q _ .... * ' " 61t .... : • " ' 46' ' : "

::i_:_ : ::_i':_:',:::_,:i,: i;_:,_:....... _:':: ::, ,'_,,,......... : i_i!_:......_:i:!i_i::_:!_::i:!!::::!,'::i:i;:!:i:!ii_i_;:::::!!ii_::li:!:!: ,;,, ............: ......:::....... , ,_ ......... , ,. ....... ,, • '. : ',:: _ ...... ......... ,.,.. .................... . ...... .:, , : .....
..:. :..:. .;, :: : _.. ,:,.H.: : .. ...... .. ,............. ...... ,.,. • _.. .:... '.:..:...*..:: .'.':"::.i.;:;.':':. ; .: ;;,: ...... .......... _..._.'.... . %. _. . • ,

::.. :: :i',"::i:,.!:.,:,,i._.:_ : i.!:,-,_':,":":.':' :::::::::: ::::::::::: _ _ ' , '! , _" i:':,i:i_'i'._ :i_.:,i.:i..::. ::,,i :: ,_!i::::ii:ii!: "_::::: :.;:'::; :": :.

' ' "....... ' ..... " :: ::':" ":::":::::"; .......... ' ........ : ' ............. _'"" * "*'_ ' ' ' ' ' ' III _ : _ ' ..............., ,.,. .. .,, . ::. ;_ ..,;,, .. ........ .,, . ,. .......... . ............
.,:: ...,, ,,....: ........ .,, ,.:,.,::...,.:.:..:.,:,,:.:,,:.:,:i;;,,..,.,.,:,.:::::=::,:,, ._:,.. :;:;.._ ; :., ,: :::,:. ,;:.:.. : _; :: • ' ':::. :::"': _,:J_.;_:;:;_:. :: .'::::: ==; : ::::;r :: ,:::;._:' 'il ::: : i ; i: : :"!'

i: .: i:!::i :ii"!i!::::i i.i'!:_!"i'i!:!::,::!:::ii::::,::_:i. !': :i!:_ :!i!':*i_:i_!:iiii:!!::::i:::i !!:':' : : : F:::: .::::;::::., ::: :!_".',::,::::,:_":'!,!:::::':::: , !:'i:I::! ::!"ii;,:: ::i ::: ::i::ii:!iiiii:', ::i:
',,,i!:::ii!!::i!::'::i:iii:ii:l:::::ii:!ii!i:: i:!::: :i::' : i :i! ::,!! ;:::: ii:!ii: :!_::i:!:i:i!!i:!!!}:i,i_.: , :ili'i::':::ii:{i',,::':!:l'::i:':*:ii_:::,i'i:i:i::i i'i.:i : :: ! :i_i. 'i:!
:,: : .... :_;_,,,:: ,: ' "_ ::::::::::::::::::::::::::::: :::;".:;:,:t'.;'::.::. . .':.;:; ;;;: :.:";: ,;::,:,: : ":, i_,: , . i..:;;l:',::::" :, :'::: ":;:
:,. .... • ..i. , " . *, :;. " ,, , .: .: ,;: ,,; :_,:,;,;::.. .::,':., ;.,.:.' : :..; ,:;;:'::, ; ;;;::; , :: " :, , ,, • . . ' .,:: . ::::.:::;::, ..:..:,: .
, . :: ...... ,...... ..... , .,*i......... ' .... , . _..::::, ::, ,. ': ,:' ' ', : : : >. , • ' . _ _ ...... . ..... .. •
.:..:: : . :,. :. ::, ,::'.:.:::: .:: : ;.:.i .:;',;;, .;. ,..; .... ..:I ,.. :,:; . :::*_;:::.; : ::;::..:::: :;;;; . . : ; :I_ :. : ._";:;.,::.: ....
::.,:;_.:.,_. , ::'::_:'H':".:; ::::':;:;.,;,;;:.::::::;;,_;:::,' :._..,i..,._ .......................... .............................. .,.,,.. ,, ,, ......... ,,;,:,.;; ::; ;;,.., ::.. ::;,,. :. :

:-: :; . i ,,,:,,.:;.I':..,, ::::::::::::::::::::::::::::::::::::::::::::: _:. ".:':.:., ' ..... -.. .. i: .. :_:::! ::i: ,:,:: . .. :,:; ,,;... , . ,'.,:: , - - i ., _.: ", : . :
• _; ::: :':: : '::::": ':::'::'::: '_:'::::::':,,• :' :::'::'::I ..... . .................. : : :_ • '.:: ::: ': : , '_ ..::; ,:::::ii ............ , ................. , ........... , . , =

,,::::::.:::: ;,. ::: :,: : : .:::_. ' : .: ,: , ' ._ • . ':: :! ,: ,:;::; i!i:. . _.. .:,_
;j:,,,:.,,:;: ..:,,:,:,:,: :............... ::.,._. .................................. : .: :::: ... :, :,:, : :,.:, .;,:; ,: : ;:,. :;:::,: , ....... : . :

::;_.,.,:,,:,. ::.. :.... :': :,'":":..;:::.": ' • :.,::::: ': ' :::: ,:".; , . ::,;: . :,.: ::.:;: .', :: ,..;: : .... ::: ...... .::.i ;,,:, ,: , ,..; .: ': : : : :
':;;:': ,:::: : :: _:,.,::: ,:::::":::: ::i : i:::: : : .... _,: ..: .: :' :' :': !ii ii : i .,'! :,, ':::r' , :; . 'i:': ::i :: ,: '::,:: ':':: .... '
....... ,,, :, .. :,' :' ' ,' :::, ::':::',, - ,:; .... • • _. :'" ::.::'' .:'''' : :." :.:. ,: ', :." ...... : '

500X Oxalic Acid Etch

Figure 4.41 Intergranular Attack on Corroded Surface of 690 Cladding/Type 316
Base Mecal Coated Wtth 10 wt*/,Alkalt Sulfates After Exposure for
800 Hours at 700"C to 0.25 vo1%SOt
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Figure 4.42 ChromiumDepletion and General Sulfidation/Oxidation Below Layer
of Scale on Corroded Surface of 690 Cladding/Type 316 Base Hera1
Coated Nith 10 wt% Alkali Sulfates After Exposure fop 800 Hours
at 700"C to 0.25 vo1%SO2

73

r



::_!!:i:_iiiii_ii:i!iii,iiiii:_:__.i!iiiiliiiiiiiiii!i_ili_ili:
i:!, :!!!!i!i!::.:::':::......... " ':
: ::":;; : ,:;:_ _,:1.',,:.:' :::.;;.:,:.:,:.:

. :: : :::t;t;:;;::*,t' ...... ": '". ....... :::: ::t :::':i::.

ii/_!ii_!!iiiiiiiSii!i!:,://:ii!iii!:i,i:i:i=:ili:,!:_iii!i!ii);i!_!iil!iii!i!.i!iii!::::::s_:._.i! ........, ..,.

:2:i:iii:!:!.i:i:/:i":::::::

iii ii ii!iiii{ii.iii[ [ i !:::i:?:!! :i:! i:!:::!?:i/i!1!ii!:!i_!iii!: :::::::::.::::::::::;: ::: :;; :"::;,:::.:::::::::::::::::::::::::::::::;:: :::: :::;:,;: ::::::::::::::::::::::::::::::":: :::';,.;:: :::' :::::::::::::::::::::: : :: : :: ': ..........
::::iii _iii:iii!i:iiii! :'.ii'.i!i!: i:!i !:.i_i ::i::: ::!::::!' i:i:ii:::i:i'.ii::!::!::i!iiiii: ii::: '.!!::ii:ii:iii:i'.i:::i":: ::: :',: ::

.: :,.:,,,: :..:.:• : :.:.:,:,:.:+. :+ .:.;,;: ;,::,.,:,;.:. ; ::, :.: :.:; :.:. :.: :,,:,_..: :..,:.,,,:,:,:,.;,:: :,:.; ,.: :,::.. :,,,, ,:..,, ::: :;:, ,::. ,:,:::;:.::;..,: :.;: : :,:...,,', ¥::

: :::::::::::::::::::::::::::::::::::::: " : :: :. i .::::::!i. ::::::'. : :!i:!i ::::::::::::::::::::::..:.: .,ii::ii!: i !::!ii:i {:,! ::::: .il ::::ii:!_: !:i!::: :• ..;;+:. ,_.::, . : ,.,:.:,:..::.. :..:' :,'.._. ::":,.':r,;...:, :.,.... ::' ': ' : :...',..,:_' : :.:.':.;. :..' ., ,', ........ :...., :...' . ,-'._'.,r'
,;.:,;.;:;1::,::::'.::..: ,::::::_,:., ::::,,.,1::::. ' ,::.:.,'::,::: ,::: . ::: ::::::::::::::::::::::::::::::::::::::::: ::.:

:: ::::,....... :_:.::.:.::: :!ii_!ii!:i; :. :. •
'i:i!i!!i:iiii:i!_:!.i,ili:i,:!i:::i!!!:l!_::ii:!!iiiiiiiii!: ili!i!i:.!i:iiii:::i!i!!!:'.::i.::: ::: .:' ,.: ':i .::_ i:

. =================================:::::::::::::::::::::::::: ,:,,,..:,.;:; ... ,.: ....: ;:, ::.: :;:: :: ::;:: ::, ,:.::; ;:..::;:::::: ::::'::,:::,: :;::::;::;:;;::,::;;;::.:;:..,'::'" :: :::
...... •... ,'.::.:,.,,:...:,:.:::.:..:..:.:.:+..:.:.:,:,_... ,.::.: .......... :,;::.:+ ....... '. ,',:..::;;: ........ ::.:'.' : .:::.':::,.;;::,.:: ; ::: :.:'.;:.:. t:. ,:::;: ::::::::::::::::::::::::::::::::::::::::::::. ;',;:t:':

:::::::::::::::::::::::::::::::::::::::::::::::::::::: :::..,,::, . ::, :: ,: :; :,...::::::.:;:,,:_,.:.;:;:: : ':;. ::::: ::: ::::::::::::::::::::::::::::::: : ::::::::::::::::::::: : ::::;:,:
................ ........... ,......,.., ;:..,:....;.:,....._..,...i.,,_,,,.,,,..... :,... ......... :::.:. ....... ::.::.::: .:::::.::: :.:: : :. :.::;_-::;:;;:. ; :::::::::::::::::::::::::::::::::::::::::::::::: :,.,,.:.:.. :;::::

500X Nltal Etch .

Figure 4.43 Corroded Surface of 72 geld gtre Deposited on Incoloy 800 Base
Metal Coated gith 10 wt% Alkali Sulfates After Exposure for "
800 Ilours at 700"C to 0.25 vol% SO2. (Note thin layer of 800
on top of welded over! ay. )
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Sectton 5

DETERMINATIONOF OBSERVEDWASTAGEMECHANISMS

Sincethe 1970s,the prevailingtheoryregardingAIT attackhas been the mol-
. ten fluxingmodel. Articlesby Stringer[6] Rapp [Z],Hendryand Lees [_8],

and otherscoverthis model in detail,so only a brief reviewwill be given
, here. Above approximately550 to 600"C,S03 reactswith Fe203and Na2(S04)or

K2(S04)to formmoltenAIT. This moltenspeciesis believedto promotemetal
wastageby fluxingthe protectiveoxide scalefrom the metal surface. Degra-
dation of the oxide filmmost likelyoccursby an electrochemicalmechanism,
which may have broadlyseparatedanodicand cathodicregions. Above approxi-
mately 725°C,ferricsulfatein the melt becomesunstableat nominalS03 pres-
sures,and the AIT decomposesback intoiron oxide and alkalisulfates.

5.1 POSSIBLEMECHANISMSOF MOLTENAIT ATTACKON IRON- ORNICKEL-BASED
ALLOYS

Corroston morphologies on iron- or nickel-based specimens attacked by
AITs can be dividedintotwo generalcategories: generalattackand pitting.
Since hot corrosionis an electrochemicalphenomenon,one would expectto find
many similarities_etweenwhat is occurringin molten trisulfatefilms and the
more familiarroom-temperatureaqueouscorrosion. Generalattackoccurs in
aqueouscorrosionwhen the metal being corrodeddevelopslittleor no passi-
vity. Similarly,generalattackby moltenAIT eccurredon the lower-chromium

. stainlesssteelsexposedto highconcentrationsof sulfateor SO2. No passive
layer of chromiacould form underthese harshconditions;consequently,gener-
alizedattackresulted. In many cases,althoughthe entirespecimenwas
attacked,the_ewere irregularities.Shallow,scallopedpits and depressions
were commonfeatureson the attackedsurface. These pits and depressions
might have been causedby localelectrochemicalcells set up on the surface.
The cells, in turn,may have beencausedby localdifferencesin S02 concen-
trationor variationsin the underlyingmetal.

In less-aggressiveenvironments,moltentrisulfateattackon moderate-
to high-chromiumalloysresultedin localizedpittingratherthan generalized
attackover the entiresurface. Pittingand crevicecorrosionoccur in alloys
as a resultof local breakdownsof passivity. Once local passivityis de-
stroyed,an electrochemicalcorrosioncellmay form, promotingfurtherattack
withinthe pit while cathodicallyprotectingthe surroundingarea.

One mechanismfor pittingattackin moltentrisulfatecould be as
follows: At a given temperature,a minimumlevelof S02 is needed in the flue
gas to convertthe alkalisulfatesand ironoxide in the ash intomoltenAITs.
When the ash layGr is laiddown, eitherin the laboratoryor from burningcoal
in a boiler,the ash layer will not be completelyuniform. Gasesdiffuseto

'" the metal surfacemore readilyin areaswhere the ash layer is thinnerthan
usual,or regionsnear the edgeof the ash layer. The differentlevelsof S02
concentrationunder the ash layercausemoltenAITs to form at different
rates. Differentlevelsof S02m_ght also lead to differentaggressivenessof
the moltentrisulfates.Once the moltentrisulfatedegradesthe passivelayer
locally,an electrochemicalcorrosioncell can form (withthe incompletely
protectedmetal in the pit formingan anodicregion),cathodicallyprotecting
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the area surroundingthe pit. Active areascould also protectthe rest of the
metal surfaceby actingas a sink for reactants. The reactionproductsare
oxides and sulfidesof iron,nickel,and chromium;as the reactionproceeds,
oxygen and sulfurare depletedfrom the melt surroundingthe pit. This oxygen
and sulfurdepletioncreatesa diffusiongradienttowardthe already-active
areas and away from the passiveareas,helpingthem remainpassive.

5.2 SUBSURFACEEFFECTSDURINGH_kT.___,LA_
' ' i /

b' , ,i!,

AIT corrosionon resistant_]'!_i_._s_,_asoften accompaniedby subsurface
attackon the alloy,takingthe form ,_f.IJ,!'Lergranularattack,subsurfacepene-
trationof sulfidesand oxides,or selective'depletionof elementsfrom the
alloy. Intergranularattackand subsurfacepenetrationcan be attributedto
an oxidation/sulfidationmechanism,while selectivedepletioncan be under-
stood if a mass balancefor elementsconsumedin sulfidationand oxidationis
considered. Possiblemechanismsfor these attackmodes have been discussedirl
the literature[_9].

Both Intergranularattackand the formationof subsurfaceoxidesand
sulfidescan be explainedby the migrationof sulfurand oxygenthrougha thin
passivelayer. The sulfurconcentrationnecessaryto sustaina moltensulfate
layercould be expectedto providehigh enoughactivityto drive sulfur
througha thin film of chromia. Once in the metal,the sulfurcombineswith
chromiumand other sulfideformers. Dependingupon the alloysmicrostructure,
in particularwhetherthe alloy is in a sensitizedcondition,sulfidationmay
occur--eitheras uniformsulfidepenetrationor as internalsulfidationalong
the grain boundaries. Oxygenmay also diffusethroughthe passivelayer,
producingcombinedoxidation/sulfidationattack.

The depletionof elementsfrom a thin band next to the surfacecan be
understoodby consideringthat chromium-richfeaturessuch as a passivelayer
on the surfaceand subsurfacesulfidesand oxidesmust get chromiumfrom some-
where....and that "somewhere"is the restof the specimen. Becauseof the
limiteddiffusivityof chromium,only a smallvolumeof metal is available
fromwhich to draw the chromium,leadingto a thin,depletedband of material
underneaththe chromium-richpassivelayer.

5.3 MECHANISMSOF ATTACKON INTERMETALLICALUMINIDES

Much of what has been discussedabout iron-and nickel-basedalloys
also appliesto intermetallicaluminides, Like stainlesssteels,the mecha-
nism of attackfor these alloysappearsto be electrochemicalin nature.
X-ray mappingof corrodedspecimensindicatesthat attackoccursby the flux-
ing off of a passivefilmcomposedprimarilyof alumina. Severalspecimens
showedevidenceof intergranularattack;however,therewas no indicationiof
subsurfacepenetrationor selectivedepletionof elements.

The aluminidesappearedto have also sufferedgas-phaseattack,in
additionto AIT attack. Severalnickel-containingspecimen_sufferedcata-
strophiccorrosion,apparentlythe resultof the gas-phaseattack. One corro-
sion mechanismappearedto be gas-phaseattackinto preexistingcracksand
rollinglaps, causingthe specimento swell and crack further. In several
cases this swellingand crackingcompletelydestroyednickelaluminide
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specimenswithin800 hours. Ironaluminides,basedon Fe3AI,showedgeneral
pittingattack,which was somewhatgreaterfor the 2% Cr alloy than for the
alloycontaining5% Cr.

5.4 HOW MATERIALAND ENVIRONMENTALVARIABLESAFFECTCORROSIONRESISTANCE

From the backgroundpresentedin the precedingtwo sections,we can
gaugethe effectsthat variousalloyingelementsor changesto the environment
have on the corrosionresistanceof an alloy. For an alloy to be successful
in a boilerenvironment,it must be resistantto bothAIT attackand various
forms of sulfidationattack. As the graph in Figure4.1 showed,chromiumis
the elementprimarilyresponsibl_for resistanceagainstAIT attack. This
resistanceis widelybelievedto be due to a passivelayer of chromiaformed
on the metal surface. Otherelementsthat appearto improveresistanceto
AIT attack includealuminumand silicon,both of which form stableoxidesand
may improvestabilityof the passivelayer. Aluminumand siliconhave also
beenfound to improveresistanceto sulfidation.

Higherconcentrationsof eitherthe alkalisulfatesin the ash or the
SO2 in the fluegas increasedthe corrosionrate. This increasewas most
likelythe resultof greateractivityof the reactantsin the moltentrisul-
fate layer. Higherconcentrationsof SO2 in the flue gas would be expectedto
increasesulfurdiffusionintothe metal,tying up chromiumand accelerating
the corrosionrate. The delayedeffectsof sulfidationmay explainwhy some
_lloyssufferedbreakawaycorrosionduringlongerexposuret_mes. Degradation
and attackmay occur in high-chromiumalloysby sulfidationtying up chromium,
and AIT can attackthe chromium-depletedlayer. This mechanismwould require
an incubationperiodfor the depletionof chromiumfromthe alloy. The incu-
bationperiodis determinedby the rate that sulfurdiffusesintG the metal
and combineswith chromium. Sulfidationis well knownto have long incubation
periods,possiblylastingfor thousandsof hours. However,once chromiumis
depleted,breakawaycorrosionmay start. The possibilitythat this 'incubation
periodexistswould suggestthat short-termlaboratorytests may be overly
optimistic. Alloysthat performsatisfactorilyin the laboratorydo not al-
ways hold up as well under serviceconditions.
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'Sectton 6

CONCLUSIONSANDRECOMMENDATIONS

The generalnatureof AIT attackis well understood,and there is a consensus
on the basic mechanismsof attack. The attackrates and morphologiesobserved
on specimensexposedto conditionssimulatingthe superheatersectionof a PC-
firedboilerwere similarto those found by previousinvestigators.The at-
tack appearedto be causedby a moltentrisulfatelayer formingon the metal
surface. Examinationof the ash layer after exposurerevealeda fused band
next to the metal surface,which appearedto have been moltenduringexposure.

In additionto the moltenAIT attack,a numberof specimensshow evidenceof
subsurfacesulfidationand oxidationin the formof eitherintergranularat-
tack or uniformpenetration. Sulfidationand oxidationoccurredprimarilyon
the more-resistantalloysexposedfor 800 hours,the longestexposuretime.
Examinationof a Type 310 Nb probe specimentaken from an operatingPC-fired
boilerafter 2 years of exposureshowedsimilarformsof sulfurpenetration
and intergranularattack,addingsupportthat this is a operatingattackmode
and not the resultof laboratorytesting. Severalspecimensexhibitingsulfi-
dationsufferedbreakawaycorrosionat longerexposuretimes,indicatingthat
sulfidationand AIT attackmay be synergistic.

In tne alloysevaluated,resistanceto attackappearedto be determinedpri-
marilyby the chromiumcontentof the alloy. Up to 30-percentchromiumap-
pears to improveresistanceto attackin these alloys. Above 30 percent,
resistancedoes not seem to improve. Additionsof siliconand aluminumalso
appearto be beneficialin resistingAIT attack. Molybdenum,on the other
hand,may be detrimentalto resistance.

While there'isno completesolutionto AIT &ttack,incrementalimprovements
are being made. Alloys and claddingswith a chromiumcontentabove 30 percent
appearto have substantialresistanceto attack,validatingpreviousresearch.
A new alloy,CR35A,had excellentresistanceto attack. The claddingstested
generallyperformedas well as the base alloy. Two cases of breakawaycorro-
sion occurredon clad specimens;however,these wo_'eanomalies. Although
furthertestingis neededto determinelong-termsuitability,both CR35A and
the claddingstestedappearquitepromising.

Alloy RA85Hmay providebetterresistancethan alloyswith similarchromium
contents,such as Alloy 347. RA85H sufferedlesswastagethan alloyscon-
tainingsimilarchromiumlevels;however,intergranularattackwas found on
severalof the RAB5H specimens,possiblyleadingto breakawaycorrosion.
AlthoughRA85H holds promise,long-termexposuresare neededto determine
whetherbreakawaycorrosionwill occur.

The aluminidealloystestedshowedwide variancein their resistanceto both
moltentrisulfateattack_nd gas-phaseattack. Neitherthe nickel aluminide
nor the iron aluminidecontaining2-percentchromiumheld up as well as the
more conventionalstainlesssteels. The ironaluminidecontaining5-percent
chromiumperformedas well as Alloy 347. Given the low chromiumcontentof
the iron aluminidesand their newness,furtherdevelopmentof this alloy sys-
tem may lead to alloyswith improvedmolten trisulfateattackresistance.

7B



Sectton 7

REFEP,ENCES

I. I. M. Rehn, "CorrosionProblemsin Coal-FiredBoilerSuperheaterand Re-
. heaterTubes,"EPRI CS-1653,Project644-I, FinalReport,November1980.

2. I. M. Rehn, "LaboratoryFiresideCorrosionEvaluationof ImprovedSupe_-
' heaterTube Alloysand Coatings,"EPRI CS-3134,Project644-I,Final Re-

port,June 1983.

3. I. M. Rehn, "FiresideCorrosionof Superhea:erAlloysfor Advanced-Cycle
Steam Plants,"EPRI CS-5195,Project1403-11,FinalReport,May 19B7.

4. S. Kihara,W. Wolowodiuk,K. Nakagawa,"LaboratoryCoalAsh Corrosion
Tests,"EPRIGS-6449,Project1403,19,Final Report,July 1989.

5. J. Bloughand W. T. BaKker,"Measurementof SuperheaterCorrosionby Mol-
ten AlkaliSulfates,"Heat-ResistantMaterials,_roceedinqsof the Ei_s_
InternationalConference,Fontana,Wisconsin,ASM International,Materials
Park,Ohio, September1991, pp. 567-576.

6. J. Stringer,"HighTemperatureCorrosionProblemsin the ElectricPower
Industryand Their Solution,"Hiqh Temperature.Corrosion,International
CorrosionConferenceSeries-Volume6, NationalAssociationof Corrosion
Engineers,Houston,Texas, 1983.

7. R. A. Rapp, "Chemistryand Electrochemistryof the Hot Corrosionof Met-
als,"corrosion-NAC_,Volume42, Number10, October1986.

8. A. Hendryand D. J. Lees, "Corrosionnf AusteniticSteels in MoltenSul-
phateDeposits,"CorrosionScience,Volume20, PermagonPress Ltd,Eng-
land, 1980.

9. G. Y. Lai, HiqhTemperatureCorrosionof EnqineerinQAlloys,ASM Interna-
tional,MaterialsPark, Ohio, 1990.

79



IIiIlll_ , _, li ,,

r.

APPENDIX A



RecoatedBetweenExposut'es: SteamCleanedand Recoated
BetweenExposuresz

Fe3A]-8 Fe3A]-9
. Fe3A1-5Cp-27 Fe3A1- 5Cr-28 _,

Gas Content: 1.0 vol% S02
Temperature: 700'C
ExposureTime: 800 hours
SuirateContent: 10 wt%



Recoated Between Exposuresz Steam Cleaned and Recoated ,
Between Exposuresz

556-27 17-14 CuMo-14 72/800H-29 690-9
671/316-14 690/316-27 72/LSS-2g 690/316-28

347-22 316-23 "

, ,

Gas Content: 1.0 vol% S02
Temperature: 700"C
ExposureTime: 800 hours
Sulfate Content: 10 wt%



Recoated Between Exposures: Steam Cleaned and Recoated
Between Exposures:

72/800H-28 671-8 690/800H-2B 671/316-15
RA85H-21 347-21 556-28 17-14 CuMo-15

' 800H-27 HR3C-27 CR35A-25

Gas Content: 1.0 vol% SO2
Temperature: 700'C
ExposureTime: 800 hours
Sulfate Content" 10 wt%



RecoatedBetween'Exposures: SteamCleaned and Recoated , ,
BetweenExposures:

Fe_Al-11 Fe3Al-12
Fe3A1-5Cr-31 Fe3AI-5Cr-32 ,

Gas Content: 1.0vol% SO2
Temperature: 650°C
ExposureTime: 800 hours
SulfateContent: 10 wt%



r

Recoated Between Exposures: Steam Cleaned and Recoated .
Between Exposures:

'i

690/316-30 NF709-5 556-31 , 800H-31
690-11 HR3C-30 HR3C-31 72/800H-32
17-14 CuMo-17

w

Gas Content: 1.0 vol% SO2
_, Temperature: 650"C

ExposureTime: 800 hours
SulfateContent: 10 wt%



Recoated Between Exposures: Stem Cleaned and Recoated
, , Between Exposures:

347-24 CR35A-27 NF709-6 690/800H-31
556-30 690/800H- 30 72/LSS- 32 RA85H-25

17-14 CuMo-18 690/316-31
690-12 316-26

ml

Gas Content" 1.0 vo]% SO2
Temperature: 650°C
Exposure Time: 800 hours
Sulfate Content: 10 wt%



Recoated Between Exposures: Steam Cleaned and Recoated
Between Exposures:

690-8 NF709-2 HR3C28 800H-28
316-22 671/316-14 671-9 NF709-3
CR35A-24 72/LSS-28 RA85H-22

, ,,

,

a.

Gas Content: 1.0 vol% S02
• Temperature: 650"C

Exp_)sureTime: 800 hours
Sulfate Content: 10 wt%



Recoated Between Exposures: Steam Cleaned and Recoated
Between Exposures:

RA85H-24 72/800H-31 347-25 671-12
" 316-25 72/LSS-31 CR35A-28

671-11 , ,

w,

,,_ ,_

Gas Content: 1.0 vol% SO2
Temperature" 700°C
Exposure Time: 800 hours
Sulfate Content" 10 wt%



I

,

I

GasContent: I.O vol% S02
Temperature: 700"C
ExposureTime: 100 hours
SulfateContent: I0 wt%



Gas Content: 1.0 vol% SO2
Temperature: 650"C
ExposureTime: 100 hours
SulfateContent: 10 wt%



_p

Gas Content: 1.0 vol% S02
Temperature: 650"C
Exposure Time: lO0 hours
Sulfate Content: I0 wt%



Gas Content: 1.0 vol%SO_
, Temperature: 700°C

. ExposureTime: 100 hours
SulfateContent: 10wt%



Recoated Between Exposures: Steam Cleaned and Recoa_ed ,
Between Exposures: ,

FeaAl-5Cr-21 556-20 72/800H-21 NF709-8 671/316-8 CR35A-21
671/316-7 HR3C-20 690/316-20 (FeNt)aAI'-8 800H-21 3'16-8
SAN28'1 690-21

Gas Content: 0,25 vol% S02

Temperature: 700"C
ExposureTime: 800 hours
SulfateContent: 10 wt%



'Recoated_BetweenExposures: Steam Cleaned and Recoated ,
Between Exposures:

17-14 CuHo-7 Fe3A1-5Cr-20 OSU-11 347-8
OSU-IO 671-21 ' 671-22 17-14 CuMo-8

q

RASSH-8 72/800H-22
690/3_6-2] 72/LSS-22

Gas Content: 0.25 vol% SO2 ;
Temperature: 700"C
ExposureTime: 800 hours
SulfateContent: 10 wt%



J

i

RecoatedBetweenExposures: SteamCleanedand Recoated , ,
,BetweenExposures:

690/800H-20 CR35A-20 HR3C-r21 690/800H-21
RA85H-7 347-7 556-21 690-22
316-7 NF709-7
(FeNi)3AI-7 72/LSS-21

q

w_

,.

i,

: ::C* ..i;:"'.::::i,:L;

. Gas Content: 0.25vol% S02 '
Temperature: 700'C
ExposureTime: 800 hours
SulfateContent: 10 wt%



i



RecoatedBetweenExposures: Stem Cleanedand Rec:ated
BetweenExposures:

671/316-4 690/316-4 671/316-5 690/316-5
671-4 690-4 671-5 690-5



t i

Recoated Between Exposures: Steam Cleaned and Recoated
Between Exposures:

Fe3A1-4 (FeNi)3A1-4 Fe3A1-5 (FeNi)3A1-5

,

ii:i!!ii!iiiiii!ii!i_iiii!i!!i_i_i "

i.ii!:i!!i!iiii!ii:i_i:iiii_i iiiii!i:i

'_ili_iiiii!iiiiiliiii_ii!ili_i _:_:_:,



Recc=,tedBetweenExposures: SteamCleanedand Recoated
BeT,weenExposures:

17-14 CuMo-4 CR35A-4 17-14 CuHo-5 CR35A-5
347-4 316-4, 347-5 ' 316-5

;i

}i!,i: iii!:ii}i
.i, ':2!;:
'ii..:i:i:i*i_:

i.:,:.2;:i

, :.:,.I.::.".:" :':::',"':::,":'h'l:::':.:

• ,.:....,:.:,:.:.:.

hfii

i:i•i{

:i!::.:::!8!li::i.i

!iiiii:iiii!i:i!i ::.,::::: :.:!!:i:!::!:i:!i!!i,i?!i!:iiiii..

Gas Content" 0.25vol%SO2

• Temperature: 650"C
Exposure Time" 200 hours
SulfateContent: 75 wt%

4





Recoated Between Exposures: Steam Cleaned and Recoated ,
Between Exposures:

72/800H-25 72/LSS-24 NF709-10 72/LSS-25
. 556-23 0SU-13 800H.24 (FeNt)3Al-lO

RA85H-IO SAN28-2

6gO/800H-23 (FeNi)3AI-9

• Gas Content: 0.25 vol% S02
Temperature: 650°C
ExposureTime: 800 hours
SulfateContent: 10 wt%



Recoated Between Exposures: Steam Cleaned and Recoated
Between Exposures:

Fe3Al'5Cr-23 671/316-10 77/800H-24 CR35A-8 OSU-14 556-24
NF709-9 347-10 17-14 CuMo-lO HR3C-24 HR3C-23 690/800H-24

17-14 CuMo-11' 671-25 690/316-24

q

Gas Content: 0.25 vol% SO2
Temperature' 650°C
Exposure Time" 800 hours
Sulfate Content" 10 wt%



i,

Recoated Between Exposures: Steam Cleaned and Recoated li1' '

Between Exposures:

690-24 _CR35A-7 316-11 347-11
316-10 800H-23 690-25 Fe_Al-5Cr-24

" 671-24 690-316-23 RA85H-11 671/316-23

p

Gas Content: 0.25 vol% S02
Temperature: 650'C
ExposureTime" 800 hours
SulfateContent' 10 wt%









j,

a



i

i



Gas Content: 0.25 vol% S02
Temperature: 700'C
ExposureTime: 100 hours
Sulfate Content: 10 wt%



i

i A ii

Gas Content: 0.25 vol% S02
Temperature: 650"C
Exposure Time: 100 hours
Sulfate Content: 10 wt%



L

Gas Content: 0.25 vo1% S02
Temperature" 650"C
Exposure Time: 100 hours
Sul fate Con_nt: lO wt%
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