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ABSTRACT

A milti-year ef fort has been fooused an gotimizing the lag-term axddation perfomence of
ingot-orocessed (IP) and axdde-dispersion strengthened ((DS) Fe,Al and iron aluminide-
based coatings. Based an results fram several conposition iteratians, a HE-dgoed alloy (Fe-
28A1-2Cr-0.0%at.%HE) has been developed with significantly better hich tenperatire
addetiom resistance then dder irn aluminides.  The sale adesion is ot significantly
better; however, tte oi-AlL,0 5 scale grows at a slower rate, gooraxinetely a factar of 10 less
then undogeed iron aluminide.  The baefit of HE is grestest at 1100°-1200°C.  Lag-term
axidation resistance of camercially fabricated (DS Fe,Al has been determined ard
aorpered to camercially available S FeCrAl.  Scale spallation rates for (DS FejAl
are higher then for S FeCrAl. To aarplament studies of iron-aluminide weld-overlay
coatings, cardom steel was coated with Fe-Al-Cr by themel soaying.  These specimens
vere then exposed in air at 900 and 1000 °C ad in air-1%S0, at 800°C. Met likely de
to an inedequate aluminum caxentration in the acatings, aotinuous protective Al O 5 could
ot ke maintained and, ansequently, the corrosian perfamence wes significantly worse
then whet is nomelly doserved far Fe,Al.

INTRODUCTION

The good hich tarperatnre addation ad sulfidation resistance of iron aluminides
hes been wickely recognized ad carefully stdied oer the past decade, e.g. Refs.1-3.
However, in recat yesrs it hes been foud thet, relative to ader alumire-faming alloys,
the exterrel alunira scale spalls more reedily an iron aluminides, 4° even with additians of
Zr,Y a Y ,0 which are known to inprove scale adhesion. &7 Several attenpts have been
mece to understard the matre of this accelerated geallation arnd inprove the perfamence
of irm aluminides by micro-alloying additials. Recatt results are presented below.

Bs described previcusly 23 the adidetion ad sulfidetion resistance of irm
alumninides based an Fe,Al extads to tamperatures well above the point at which ingot-
processed (IP) alloys have adequate medenical strapgth. Consequantly, adde-diseersian-
stragthened (8) iran alumninides are being develgoed to inprove the strargth of this
alloy system while mmintaining or inproving corrosion resistance. 482 Data fir a



comercially fabricated (S Fe,Al are presented below. Futhemore, iran aluminides
could ke used as coatings ar claddinos an higher -stragth, less corosian-resistant meterials.
Previcus studies have foaused an weld-overlay coatings. 21012 This paper reports initdal
results far coatings produced by themel sorayirg.

RESULTS & DISCUSSION
Trpot-Processad Alloys

Previcus wark indicated thet reactive elavent (RE) alloy additias (Zr,Y, H) toa
lase Fe-28R1-2Cr (FAS) alloy all hed a similar baeficial ef fect o the axddation bdhaviar
wen added at the level of agoradmetely 0.1at. % ®Ref. 5). @Al anpositias are listed in
atanic percant and were determined by inductively cogpled plasme analysis of as-cast
material.) However, kased an the superior perfomence of a 0.05% HE addition to NiAl
Ref. 13). ad the significat intermel addation dossrved faor FASH0.1%HE (Fig. 1), a lower
Hf cotat wes irvesticated.

The addation perfomence of FASH+0.05HE wes fourd to be superior to any
previcusly studied ingot- ar powder orocessed iron aluminide. The lower HE aotent
elimirnated the exessive intenal axddation doserved far the higher (0.1%) HE cotat
(Fig. 1), which resulted in excessive weidht gains at 1000 °C (Fig. 2). Dee to the relatively
low axidation tanperatire, the berefit of 0.05%f was not doserved relative to the nore-
conmmon IP irm aluminide conpositian, FAL (Fe-28A1-5Cr-0.1%). Tre dif ference is mare
distindt a& 1100 °C, where FAS+0.05HE showed a lower total weight gmin carpared to both
FAS+0.1Hf and FAL @FHg. 3). The specinen weidht cpin amrves (dashed lines) also are
placted in Fig. 3 which indicate thet the 0.08HE addition did not elimirete scale geallation
bt rather reded the sxle growth rate. All o te allos @1l ek 1100 °C exost far
FeCrAlY were the specimen ard total weidht cpins are equal.  Thus the total weidht cgin
of FAS+0.05HE will eventually exceed that of FeCrAlY de to sale gallatian.

Similar results were doserved far gyclic testing at 1200 °C, however, the gotimized
ef fact of HE is noe dlearly illustrated in isothermal tests at 1200°C (Fig. 4). Coypared to
undoped FAS, 0.1% additias of Hf ar Zr reduee the isothemel growth rate. Miltiple tests
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Figre 1. Qyger-plated metallograchic cross-section of the smle famed an FAS+0.1%HE after
5000h at 1000 °C in laboratary air. Little sellation was doserved it desp axice paretratias (oeos)
amnsisting of alumira-encapsulated HE-rich adde (arrows) were doserved.
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Figre 2. Total weidht cpin (specimen + galled axide) for several iron aluminides during 500h
gles af 1000 °C in laboratary air. A 0.1¥f addition resulted in hich weidt gpins, mot dee to
gellatian, bt de to exaessive intenal addation.  This prdolem was eliminated by reducing the HE
axtent to 0.05%. Specimens were catained in pre-amesled alumina crucibles.

vere perfamed to dedk repestability of this result. W ith the addition of 0.05%HE, the

growth rate is reduced by an arder of megnitide to 1.3-1.5 x 102 g2/am%s.  (Redcirg the
Zr catert to 0.03% did ot prodxe a similar effet) Thus, the prncipal beefit of
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Figre 3. Total weidht cpin (goecimen + gealled axide) for several iran aluminides during 10Ch

grles in alumira crucibles at 1100 °C in labaatary air. FAS+0.05HE shows a lower total weight

cain then ader IP FejAl anpositiass.  The dashed lines irdicate specimen weight dencge. All of

the acarpositians gpalled exospt for FeCrAlY.




Qotimizing the HE cotet is in minimizing the o-Al,0; scle growth rate ad rot in
peating sale gallation. The sale still gmlls fron this alloy; loeeer, een with
gellatiom, the sxEle gooears to regraw at the slower rate, thus retaining a lag-term baefit

Figre 5. Total weidhtt cpin (goecimen + gealled axdide) for several iro aluminides during 10Ch
cgyles in alumirne crucibles at 1200 °C in laboratary air  FASH0.05HE shows a lower initial total
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Figre 6. CQooper -plated metallograchic cross-sectians of the sale famed after 100h at 1300 °C an
@ FAS+0.1%Hf and (b) FAS+0.05%Hf. Under these caditians, changing the HE cotent of the
alloy hed little ef feet.

for this alloy. This is also ggoaret in 10Gh cycles ak 1200 °C (Fig. 5) where FAS+0.05HE
hes a lower weidtt cpin initially i, de to its linesr increese, it som excesds the weidit
apins of mae aderat (out faster-growing) FeCrAlY and (DS FeCrAl substrates. At
1300°C, the detrimental ef fect of 0.1%Hf in FAS was not doserved, tlus lowering the HE
aatent did not result in ay inprovaret.  The scales an the 0.05 ad 0.1HE FAS allos
after 100h at 1300 °C were very similar (Fig. 6). 2As in the case of HE-dgoed NHAL, it is it
clear why HE in FAS is mae ef fective then Zr in redxcirg the alunire sale growth rate.
Higer rates with Y are attributed to the fametion of Y -rich precipitates which internrally
addize, therdby incressirg the total weidt gpin. However, Y additians are much more
e fective than HE in inproving scale adhesion in NICrAL or FeCrAl. ¥ Qe possibility is
thet, when segrecpted to o0-AL,0 5 grain boudkrdes, 7 HE hes a higer ef fective ianc radii
then dder dgats ad the is adle to ithibit the rate-limiting dffusion alayg these
pattways.

A saple of FASH0.05HE wes included in a hot corrosian test using 1h cycles in
flowing O, & 90°C. Specimens were coated with 1.0mg/cm? Na,S O, priar to testirg ad
recceted every 10Gh.  While catastropchic axidation was not doserved  (unlike NHALHHE) , the
weidht cgins were substantially higher then doserved for NiCGoCrAlY (Fig. 7) ard much
higrer then those doserved in air at 1000 °C (Fig. 2). However, similar weigt derges to
FeCrAlY with 20%Cr (rather then 2% in FAS) were doserved. This is dif ferat then with
Ni-base alloys, where incressing the Cr aotent inproved resistance to hot corresion., 1°

Oxide-Dispersed Fe,Al Alloys

Log-term testing has been nearly copleted an comercially-produced DS
FesAl (PMFAS). At 1000 °C, the scale growth rate is very similar to thet doserved for FAL
ad other alunina-faming alloys (Fig. 2). In a similar mamrer to lab-produced DS FAS,
gellation prdolars beggn at 1100 °C ard aattinued at higer tenperatires. A comparison
of PMFAS performence at 1100°C to several comrercial (DS FeCrAl alloys [Y,05-
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Figmre 7. Specimen mass derge for several alumina-faming alloys during hot corrosion testing in
1h gycles at 950°C.  Specimens were coated with 1.0mg/an? Na,SO, priar to testirg and reccated
ewry 100h. After 350h, weidght cpins were higher then those doserved after 5000h at 1000 °C in air,
Irdicating significant acelerated attack de to the slt.

dispersed FeCrAl made by Inco (MRA956), Dour Metal (ODM751) and Plansee (BM2000)
and ZrO,-dispersed FeCrAl, Kanthal ARV is shown in Fig. 8. The higher total weidht gain
for PVWFAS is a direct result of the sale gellation noted by the specimen weidht 1css
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Figre 8. Total weidht gain (specimen + spalled axide) far several (DS alloys during 10Ch cycles
in alumira cnucibles at 1100 °C in laboratary air . The dashed lines indicate specimen weight dhance.
PMFAS shows higher total weidht cgins because of excessive scale geallation conpared to the S
FeCrAl alloys. ODM751 (FeCrAl+Y,0,) aily hes scale spallation at the specinen edoes.



(Gaghed lines). OB FeCrAlL alloys also show sare geallatian (as illustrated for AM751)
it this lcss is relatively minor and irvolves mostly seallation at goecinen edoes. These
tests will cotine to 10,000h. Testing with 100h cycles at 1200 °C has been corpleted to
5000h far a mnber of dif ferent meterials with very similar perfamence doservatians
Fg. 5. These hider taperabre data give axfidance to lag-life predictias at lower
taperatires.  Very similar bdeviar is deserved for very lag tines.

Tests at 1200°C also included 1h grles (Fig. 9). BWFAS (1.5mm thick) has
anpleted 2250, 1h grles. At this point, its weigt derge is similar to thet far 8
FeCrAl (PM2000) and FeCrAl. However, withot ta=l weidt cgin daa, it is dif fiqit to
pedict the wlative lifetimes of these meterdals. A Imm thick undoped FAS specimen had
a lifedime of 1800, 1h gcles. Tre effet of gile tine has been irvesticpted at 1200 °C
(Fig. 10). The time to first spallatio decresses with incressing ocle frequercy 1 More
df fiadlt to explain is the doeservation thet the weidht lcss does ot aotine liresrdy, es fix
Ni-base alumnira-fomers, 17 arnd can actually show weidht increases for both 1h ard 10ch
gdes. W eidit cpins are associated with macroscopic geecimen defommetion and thidk,
cawoluted, non-protective addes an the surface. 16

Several attearpts have been mede to inprove the addation perfomence of DS
FAS including varying the type and amoat of axide dispersion. BWAS cartains an
optimized amont of Y,05 (0.23Y), as determined for lab-processed (DS FAS. 4 One
further agoroach was to de-sulfurize BWFAS, which has been shomn to inprove the
axidation perfommence of Ni-kese superalloys?® and FeCrAl. 1° The de-sulfurization wes
perfomed at NASA, Cleveland, (H ard the specimens were tested in 100h cycles at
1100°C (Fig. 11) ad 1h gcles at 1200°C (Fig. 12). Inlboth cases, the de-sulfirdized BFAS
perfamed slightly ketter then the nominel meterial, it o dranstic inproverent in
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Figwe 9. Specimen weidght derge for several alumire-faming alloys during 1h cycles at 1200 °C
in dry flowing O,. BVFAS begen spalling relatively quidkly bt did not aattinee to lose weight like
FAL. W ith anly specinen weidht dercge, it is dif fiailt to pedict lifetine in this test.
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Figure 10. Specimen weight change for BVFAS with dif ferat cycle times at 1200 °C plotted versus
tine at taperatire. Sxrter gycles decreased the tine to initial geallation (Cowtum in the mess) .
A lager tines, the rate of weidht loss decreased ard begins to increase slidhitly far both 1h ad

100h gycles.

perfamance was doserved, in aatrast to wet is ford far Ni-lese syperalloys. It is likely
te tte Y05 additim is af ficient to irhibit ayy detrimental role of imdigens S in
PMFAS. Futher redxirg the S catent in the alloy provides ro additiasl beefit.
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Figre 11 Total weidght guin (specimen + spalled adde) for BFAS during 100h cycles in alumira

cancibles a& 1100°C in ldboatary air.

De-sulfurizing BVWFAS produced anly a minimal

inprovament in perfomence with a slightly reduced amouat of spallation.
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Figre 12. Specinen weight dhange for several alumine-foming alloys during 1h cycles at 1200 °C
in dry flowing O,. De-sulfurizing BWFAS slightly reduced the amout of spallation bt is unlikely
to significantly extad the lifetime to bregkanay in this test.

Thermally-Sprayed Fe-Al Coatings

Bs a anplarent to research an weld overlays of iron aluminides, 2/10-12,20-21 5 firet
attanpt was mece to faoricate themel-gorayed coatings ad  gqualitatively evaluated their
high-tanperature corrosian behavior by sinple gravimetric measuranents.  Using wire
prodxced far gps metal arc deposition of weld-overlay coatings as the feedstack, 10 aatinos
of Fe-Al-Cr were deposited by themmal spray aito carbon steel substrates mede fran roud
stock ard nmechined to have hamigderical eds (see Fig. 133). The coated gpecinens were
then exposad in irdividal alumina cnucibles to air at 900 ard 1000 °C ad to air-1%S0, &

800 °C.

Fig. 13. CafomsteelccataimthPé—Al—Cr]wa&mralsprayprocem (8) as-dgoosited. () 1000 °C
two 24-h giles in air, total weidht ggin of 13.1 ng/an?. (©) 1000 °C, two 24-h gycles in air, twEl
weidht gain of 45.3 mg/an?. (@ 900°C, ‘wo24hcyc]esma:r total weigt gain of 3.6 mg/an?.
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Fig. 14. Specimen weight changes versus tine for thermelly-sprayed coatings of Fe-Al-Cr an carlmn
steel sdstrates exposad to air at 900° and 1000 °C (sare specimens as shown in Fig.13).  Similar
data fr IP FA L also are shomn.

larce mess cpins were measured for all the exposed specimens.  As shown in
Fig. 14, these weidt cpins are mxch larger then for IP FAL exposed uder similar
aaditians. Rrthermore, at 1000 °C, the weidht cgins over the secad 24-h exposure perdiod
were sicstantially larger then theee measured far the initial 24h of addation. Such behaviar
irdicates thet a ssad, less protective corosion product wes starting to fam. Vigel
eanirnatiom of the specimens irdicated thet a darker (gray-cdark blue) product had famed
a the specimens exposed at 1000 °C, in additim to a nediumgray scale, ad thet it was
more prevalent an the gpecimen with the higher weidght cain (Fig. 13). Qaly the medium
gray product was doserved after 48 h at 900 °C. Tt gooeared thet this gray sale (aresurebly
aataining sore Al) wes the initial prodxt to fam (@lkeit at a rate faster then romally
doserved for alumina an Fe,Al - see the FAL dita in Fig. 14 as well as r=f. 1), bt tet,
within 48 h at 1000 °C, it yields to an even faster growing product because nost of the
available alumirum nmust have already been consured by reaction (as doserved in
breskaway axdidation??). Accordingly, a similar trarsition to a higer rate of weidt cgin
would ke expected at 900 °C when suf ficient axddation has ocoorrred to deplete the aluminim
in the coating (estimeted fram the data in Fig. 14 to ccor wen a nmess increase of
approximately 4-5 mg/an? is reeded).  The coated specimen exposed at 800 °C in air-
1%S0, hed a significant weidght ggin (~6 mg/aR) and showed both gray and reddish-
ron (iron axdde) corrosian products after 100 h.

Given the very high weigt cpins doserved in the initial experinmets with the
thermmel goray aoetings and the doservation of coresion roducts thet are visibly dif ferat
fram protective alumirg, it wasn’ t desred necessary to aaduct microstructiral aralyses of
the specimens. Qovicusly, in the presat ase, this themel -soray process producad coatings
either ot fully denee ar with low Al levels such thet a aatinuous protective alunira scale



could ot ke maintained far even relatively shart perdads of tine.  This cauld ke de to lcss
d Al by addation durdng the thermal soraying itself and may require even higher alunirim
aaatratians in the feedstodk ar the use of lowressre themel graying to prevat the
adcetion of Al dwirng gwayirg.  Previcss limited results from gray coatings of irm
aluminides (using powder) also showed high corrosion rates. 23 A more extensive ef fot will
thus ke required to produce wnifarm iron-aluminide coatings with suf ficient alumirim
aaatration to prof fer adequate axddatian and sulfidetion protectio.

SUMMARY

In Fe-28A1-2Cr alloy with an optimized HE cowentration (0.05%) has shown
significantly letter hidgh-tanperatire oxddation resistance then oder i aluminide
aarpositians.  Its inproved perfammence is meinly related to a slower iscthermal o-AL,0 5
sale growth rate ad is doserved mainly at 1100°-1200°C.  Lag-term axdidation resistance
of a camercially fabricated DS Fe,Al (dispersed with Y ;0 ;) hesbeen sadied. Tt gelled
more readily than ODS FeCrAl for exposuares ab 1100° and 1200°C but overall showed
relatively good addation resistance. De-sulfurization of (5 Fe,Al hed little additiasl
beefit an axddation perfamence.  Prelimirary results for thermel-gorayed Fe-Al ccatings
a carom steel ghowed that corrosian resistance was poar, nost likely de to inauf ficiet Al
in the as-dgposited coatirg. A aotimuous protective alunina layer was rot neintained even
after relatively st exposares at 900 © and 1000 °C.
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