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ERITRODUC T ION

1t coal-detaved Liguids ate (o become wmpott ant
soutven o tuel tor powetl tuthiten, tiw ellects of
ttave rlesiont 1RpOTItIes on the dcvelvtated cotiesion
Wt the tuthine mint e ovaluated. The ctiects ol somw
o1 these smputiltes Ave hnowty Lo be advetae. Pl owe
ample, stm, potassim atd vanadius have beon tdewn-
Citaed (Relae - 0) by mauy investigatote an beuyg
sutves ot avcelvtated cottesion wivh pettvieva tuels
are butitwd, Un the othet haiwl, saee tmpatities ate
AW L ARG SO INBIL, CoRe, calV iUl WagIweIUn
(Rets, © '), However, thete 4t mainy tmput i ies whoae
vt s are het Anown amd vettatnly the ettects of the
mtertaction o vattous w@pui it aes are laigely un-
M, Thete ate twe pitentral apptvacines (o det et
maiiig the eltects of the ampustties,  The tvist one
1w b teat many veal tuels; by testiag 4 dtoad specs
trum at suvh tuels the ettevts ot the vatous -
putities ttom the anelvaes ot Lhe luels combusted can
be titetred.  The advantages (o thas approach ave tha
vou use 1ol tuels and the data that ome abtaine ae
widel comditiens v loaely approaching (hose touid a0 o
teal gan twibine,  The disadvant ages owi such (ests aw
that the dats ohtsined ate ieievant vinly (o the tuelns
artualiv teated, Also, cutiently thete are vely tew
Liguad coal-detaved tuels that ate avaslable in quan-
taties sutticient tet auch tests.  Vhe gevvid apptoach
would be to st a1t with the clean tuel gud dope 11 with
the impurities ot Intctest (0 a4 parametiae tashion.
The advantage o1 this apptoach 1a that soch imputity
vembinat vons can be catetully vontiolled and varved an
a svatemativc Tashien slloving the predivioon ol attach
due o any vompastt ten, The disadvant ages Lo such
test v 4re that they do not butn 1eal tuel under veal

tuthyne opetat 1 combil tous and 1hat the Laige miabes
ol amput it ies ot Al stenl Jequite mam,, A (et (e
be wade.

The wah descitbed 10 (his vepetl Ia conloest oy
ciusively to the doprag appicacti,. The obgest ot thas
elturt 1o to evaluate the ¢ttevin ot L ime, Lrapeia
tute, atwl (PuEIlY content on cottoston.  The apprcach
uned was o butn clean fuels tn @ buawt g amt adu
aguraus seliutrtons ol the 1mpui ity caabinat wens e
Quited to the combust ol gases.  The imput it ies chosen
tar these tests were sndiums, potassium, veloium, wag”
nentm amd chlvtines  The pataset s afdiat ions ot the
rtaput it ies wete st atintivally desagiied Lo mintmtse L
bt o8 testae While v ight vhange seasntemcit »
vete made, Uwase Jdata comnnt Be ured (o satistmtonn s
evalinate the exteat ot hot voriosien attach.  The
tvpes o deponits wele ovaluated by A-tay dittiactven,
whitle Phe entent o Attach was determined by meancy iny,
el Al Convuegt ton,

MR IALS

The componttsons ot the allome used v Ehes paee
Riam ate histed sn Tadle 1. The cobalt Lase allov Nar
M- e g rpical vane materral whitoh vs gemetas by
conssdeted (o have gomt hog cottosien tesystame due
Ca e ot chtvatum vonteant,  The thiee nwch | ovaee
allovs Lubiue blade vover @ tange of ot cotternon
Tedistance: N 90 has mdesately gond e cottosion
tesistamce, while U-7 has smwmeviiat poctes et cor e
sron sesistame, ated IR TURY has Lhe Jeasi tenistane
to such attach, All ot the allove weie cast by g vom-
metonal vendor anlo the siape stiown e Foaute Had,
ALY sanples wete giit Blasted amd civaned vith alce
hols Poaor (o test cach sample vas measuied alog o
digameter in the comter oy Cle enpected hot sone (Fag.
10a)) with @ bench miciomret el Lo precision ot ¢ 7
moetometets and veaghed 1o 7 O, 0 my.




ROCEOVRE

A Butaer rig typical of the four ussd tos these
tests 3o shown an Figute 1iD) and hée Dovn desviabon
W Retetomie 0, Brietiy, cach vig a4 nmInal Rech
Q.3 tvpe Tated with AL et tuvl whese sullui vontent
war Jetesmiund fo Do U ¢ uiie w3 over the duia-
tieon o the tests. Lhe tuerl-io-att 14l (o wae vatied
Trvom abuast thatiy 1o VeudY,  The dopants wete 1njects
L the voabuat 10on chambet a4y 4D agueaus solug o,
Raght samples wetr 1ot ated rapadiv an trant o Ihe
enhaust maiie and teacrhed 1 desited tempetatuie It
4 tew Mt s, AL cach ot houl exposute the buin-
et piveled dway atd & Torved-ant conlang invssie was
dotected i Lhe spevimena 1o thivee manuies. Thew
Ihis vvole was 1epeated.  Atter W cvcles one sample
O cach Allo wan temoved and 4 we saBple put 0 s
Plave. Atter L0 cyvvivs the sasples wrry temoves,
weighed, washed, and 1everghed.  Ihas gavw, tor each
alluv, & sample at =t bouts, O muge ot W houte.
RWasthiang vonsist W o1 tmmersion o1 cach saaple blade in
WU cofa ot watet Al B U tollvwed w4 sttt brushe
g L UG watetl, an alvehol ninse, and il dive
tg.  The samples wete then sectviwd along the plaw
shovn in Figure 1ha), whach s the center of the bot
s, amd whwie all tempyratute arasutenc it s wic aalv
during the tun. The cul swtions were muntod swial-
lagraphivally, patistwd am otetwd.  Thichiwes mnae-
utverals wery asde Lo drtermine the tinal thichiwes at
|ANIBUE PeIWwLiat 1 aid Lo calvalate sanioum wetal
loestt), Wnile both the 1aitsal and tunal thavknesses
WPTE BRasuErd L\ pravinion ot J ¢ W8, sapetiowe has
shown (Ret. /) that resultant change sn (hichiwss ia
Wby accouratye to about ¢ U um due te tiw Artvgularity
ot attach amd other tavtors out lined 1o Retorvme /.

The suttace ot e Ot the 10hvur aamples were
scraped (o7 A-say dItETACL AN ansivais, A lew milla-
RIS LU S SABPIe were oblaiwed and analyvaed
using & vutniet debht 1l camerae Thes type W Lovusang
VMATA WA WV ranaly Belanue the Sompleaity ot thw
patierns ot the depvoils wesulted a0 overlagping Jits
ttaction Lines.

STAUVISTIVAL DESIGN AND ANATLYS IS

bages vmmental Vagpaitles gt e

Fhe evperimental denim used an thia program 1s o
menl sl tcat s ol g class of eaperamental destgine ARl
doant WY, dhese are ol goneralizations ot plans as
tlluntrated 1o Fagate S0 Figute O osliows an eapeiim
CONAERE VIR o1 bwer b e 4 Aqaie Lo cuieY with oo
slAT Cadidbtang toom the venter potnds Lo the vube
PATL, preseive ob o Vet 1el dent es Lhat vat1abie bo e
At tte hagh devel, wiitle abscive o @ lettet swmiivatens
the variuble s at sla low levels T svabol Q1Y des
twgen Al Che vacvanlos wre At their low level,  liw
eabieies o e st ad ate demsted oy vapital bottess
Mith plus vt wutas,

Ty B0 Cotvenl Capet ettt we oo a il e seven
varsables Lasted vn dable 11, Tee otggaaal plan cons
fredim il vombiaat e 1 e [ XTI A
preanpn ARlockats Pavh Plove o1 sampd ca e demped 1o
ssor bl tie ettt ot cettann vatvabieas it the
Netae A, A mumber ot Change s witt e made oy

Nistand oy S [T

Phe progiess ot the eapertment amd e vomplote bt
Ve o the wbiaetved ot s paven aw Ly U LT, Tiwe tae st
it cojumiie of Doecbes B vave the com aaveed met gl te-
covamren 1ot IN Lt VAt N NS ol Par M WM g
Nt aseive  Fhe nest Lave columns vy L patt s pes
s b haen v wei it of comtbst ton ganes o M, N, N, v
ard Ve Vedamn ten @ ves Bhe Test tempetatutes, atl

columa ! givws the Liaw vt eaposute, The last tw
eolumny 1dentily the Tig on which the test was Tun end
the tettet code (or the tteatment combinat 100 68 de*
tined abuvw. A nuabet ¢t changes 1n the tost plan
wole todv tn the prugtvee ot the tuns,  The tatst of
these truulted (tum 4 Jata Toview Lavald the emd ot
Blavk twns Beveuas ot the goml cottriat tons obt aswed
4t that pamt, Plovhs thiee and fout were vomdensed.
Blovk tave, vonsisting ot Lhe $14) poants was un A0
tts entate’y,

A awvaidd comdvisal 1on came aboul Lowatds the e
vl the completion ot block twe amd betote the starl at
blawh tave, At thais poant 4 eevalugt lon of the Awme
ol the program made i vicar that the dupants should
be consideted tn teams o) clenent s Tathes than coe-
poumie, This 1s primarily Decause 1t wuld bo ditt-
cult, &1 st wmpossible, 1o analvtically sdentaty the
compoundia) 10 which the vatious imput it acs wie pres:
enl bovause ol the low levels 21 comentrat Wone touml
\n thwer tuels,

We thetvioae tTedrtined the tauspedent iapuvity
variables ot 1ntvtest as parts pet million ot the ele-
meuts Na, X, Ng, Ve and Uis  This charge had the o1~
tect of reducing considerably tiw arthugenality of the
atiginal desigae The eltwt was primarily that ¢l was
vathet Bighiv cortelated vwith Ry and Ve, less highly
voreelalod wvith Na amd K, and had a0 eltect OR & ¢oF
relation vt Ul wilh teapetature avd with Came, bioy
ovwt, it did mwan that the Cl comontrations tetind (0
i on average considetably highet than the other wevi-
ableas This approach had latile eftect an fit of the
dat s,

In vider te alleviate this cottviat ion probien and
S vority that valy the prusows ot Lhw individual
vivevats maiter, sovwral additivaal runa wre pade
which oxpanded the svope of the sxperiment sompwhat.
Tiese 1ot are dentatied by the code EXFAND a0 ¢olumn
Vi ot Table Hil. o addataon, w3 *Wwe
nale with no dopants, that 18, deiw L a0 T
Thwae ave taheted OAIDAT a0 cobumn L4 oy

Lo tllustrate the seope of the progras, . o8
ot parawetine plots ot the lewls ot thw yndepen m
vatvables have been provided,  Not sl paves ore
plotted, an several aweh plots are very mamilag, an
Pt aculat Figute el s @ plot ppe Ko versus ppa
Mpe  Na v VL R v Mg, and K va Va are wry samilay
Akl henve not sepatately plotteds Libewise, Figure
WhY atwown Mo ve temperatine with K v tomperature
being dlmast adentwals Figuse e) plots Mg v tem-
Perature with va va tempetature dDeang almvst ademgacs i,

v bunaan o3 vihes Vavvables
Bestdes he pramary design vatiables 1t was -
CAtAy Lo v iade the possabibily that tuel=to-ans
14t tos Bad 4o ettect on §AKets HU), amt that thete
Conld e svitemat ac Piases diem oie buiner rig to
atrglict. The compatimen ¢t g ettevts van be an-
cluded Py the use o dusew vatiables,  That is, & paiy
ot andepewdeat varvablios Kpoamd K oaie detaned
sealahat AR, K0 equals 41, TD) tor rag one,
vquala oL, ¢1) Tat pig fwo, vquals Cel, - 1Y tag
PEee did cquals velo o) o g teure Tnen e
Phave vatiabie s R K ana ROORs Wil aetlect
the tollovaing dattrcieines.
Ly omeaninen Arap Ve by whivaage )
1o oweasuten vy S0ty ) ey Ve

(333

rag )
Lag w)
I O I B I N R S R B W PR}

Puvl 80 911 1at e war conedeted e
ot Che venter Pt
Mgl Sor ail ey e

varrarie only
Puns S1uce 1 wan e 3o 0bden)
T,
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e comtor point of & conttel composite design 1o
typically ropoatod o numbor of tiaws (ia this case
(hete wete 14 tepet itions) during the eaecut ton of the
overall eaperimont. The primaty ressva 107 thie s
that siace the center point has all th: comtalladle
variables hoid at wominally demtical level., thooe
teplicatos provide intormet von oni 1) an imrpeadent
arasute of the 1nherent variab ity or repraducidiity
ot the tosults, ¢) thuis ¢Tror val lmete may thew be
coapared to the ¢rror estimaie obtained trom fatt.vg
sute complicated equations to all ot the data (o de-
termine 1\ the wore gonetal vouat bon 13 alequate, §)
1l the center puinte ate 1nt Pl spefsed 10 Lime then
they can often by used to cheva Lur dritl us treads
that maght be uccurvring Jdue 9 changing vonditions
over the coutes of the Tuns. The wodel used (or this
andlvsie is lng T = 8, ¢ 6, X log tame ¢ B} (/s
0‘,.|"~l20l,l! Ry e ¢,

Pall Et; m;;q!
sudawrntal form of the madel chosen is a

pover law i1n time, that is, T° ) t9° whore the
rate ecoastant o) is a function o} the remssning var
iables, ket is, Na, K, Ng, Co, U1, time, tomperature,

and the rips. Nore cp«i(ie“ly. we use 1° Ci(Ma).
Cz(‘;‘C’(n\'\%(C.)OC,(C" % emp. gty ¢ g T e
a t

0.,“'. [ “7|‘l<)0¢~ﬂ L

asteal vecession, 3. 1. Ng, Ca, Cl * respective dopant
lovels in ppw, ¢t * tiow in houts, T * touporature
=930° givided 30°, W) end R; © dummy vatiables
indicating test vrig, € © the unobaervable random errvur
and each of the Ui are of the torm:

Ci @ (i1 =~ (1= 0,)) sxup (= udy))

This functional torwm has the fullovang prop-
eftios: &) it is esuvntially a power lav in time su
that at time 3¢r0 there 18 ne attack, ») the iapurity
tunctions have the value of unity at U concentrat ion
and are asymptotic tu 9 il as comentrat ivns gu to
infinity, ¢) the socond order polynomial in the tew
perature of the exponent ial terwm will allov for mani-
aal vate ol atlack tor some temperature il 8, 1o
less than seru, and d) indicates a dulief that the
enpetimental errar is proportional 1o nature rather
than additive. It should be pointed out that this
type of curve (1t vequires the use ot now lineay rveo-
gtession,

The behavior of thie temily of 1spurity functions
is indicated in Figure 4. The value of ¢, is an
asymptote such that ¢} is greater thar 1, and the
tunction is monotonically increasing. Tie parameter
42 must be greater than sevo and .nd:;ates the ra-
pidity of spproach to ths asysptote., large values
indic.2e vapid approach and small ».luss indicate stow
approsch. 1f &, 1o less than | tha tunction is
sonotonically decressing to ¢). amall values of
9} indicate a *low sppruach and large values a rapid
approach,

RESULTS AND DISWUSSION

X-Rey Diffraction of Deposits

As & tesult of the many ditferent test conditions
on four slloys, there is plethcra of X-ray diffraction
vata. These data are presented and discussed in de-
tail in the Appendia. In general, the dupants tended
to fcrm the same types of ueposits regavdless of the
concentgation ov the combinations with other ele-

ante; Ng 10 the cambustion pruducts tomded Lo depos-
It 48 gV, (@, o0t the oiher hand Teacied vilh sullut
'8 the fuel to form primavily L4 sullate. As espectod
(708 o1her work (Bet. t1) Ne and & also deporited a»
sulfates. in the cave ot Na, Ra %, was the pi-
aary phase, however, 1t was toumd 1a thiee separate
ceystallographic msoditications. K, when presvat 1n
APPrec1able quantiities, vas tound o Ko, amd at
alse vombanrd with (e Ba R Lo l0Te 4 Bt
suliate K Nap. My, Threughoul the analreer a
set ol unknown liaes conststent Iy aovcutted tor which
a0 salch could de made with the powder ditiractiag
tile. By corselating the presciwe ot theae lines with
the comcenltal tans of the Jupants, we wete able to
determior Lhat this vas probably 4 phase primas iy
composed of Ka with svme & and Va as 4 sultate, This
phase vas then syuthwsised an shoven 10 the Appemiin
and determined o be appronimately Bagk watdo, ).
The abowve phases avounted tor the vast ma)ority of
those toumd 1n the deposits,  Twice & Najva i)y,
slouborite, vas tound and a lev weak lines which were
nevet identiliod vere seen in & tev Ot the pattieras.
The pressnce of these phases present vd lew sut~
prises, as such sulfate torming teactions have gener~
ally been (ound \a these types oOf teats and haw usu~
ally led to accelerated corrosion. This s vspwally
true sn the canes of Na and K sultates and their mia-
tures. The complicatsons inttoduced by the Na, K
sultates and the Ng, Kk, Ca sulfates 15 that tiwse com~
pounds torm liquid deposits over temperature ranges
which ave largely unkinown. As vill be seen trom the

discussion of the metal recension data, high eetal
TeCO8BIONS AV ¢ Ansociated, as wuld be eapected, vath
latge concontrations vt Na ami X sultates.

ceuter points are
aiven on log=log scale wn Figure 5 The plots ase
done sepavately tor vach vig. Table IV presents the
vesults of the tetression analysis_tor cach alloy,

The analysis . the IN-LOU centor point Jata ine
dicates that the expoawnt ut tise 18 (vithin sampling
orror), = . This would indicate the vorrosion 1a
prucesding via & surtace Teaction. Such reactions
would indicate that ne protetive laver 1a beang Lore
vd during the corsrsivn privess amd would probably
vesult in highly accelerated corrosion, aw indeed
IN-100 (s knowm to be & very corrosion=prane aaterial
(Rel. 1),

The coetficient of the tuel=to-aivr raliv is nexa~
tive bs a significant amunt indicatiag that as tusl-
to~ai  increases at this timperature the costosion
tete decreases. These results are not 1n agreewent
with the [uel=tu~air ratio eflects observed va Mar
R-50Y a9 shown in Reference 10, and indicate that,
Quite probably, fuel=tu~-ait as 8 variable, like wo
many other variables as found in Refevenve |1, aftect
different 2lloys Jditfevent ly,

The coetficients of the vig elfects ioply that
Tigs one and (w0 ave similar as are rige threv and
four, but the taw sets Jitter significantly. This
ditferonce 13 appevent trom the rav Jata plots of Fyg~
ure 5 It is interveting to avie that rigs | and 2
are combined on une cable in the laboratory and and
rigs J and 4 are on anvther table. While nominally
all tour rigs are built 1o the same specitications and
presumably identical, 1t is Quite obvious trom the
data that rig to rig veriations do exist at & level
significent enough to be dete.ted in this type of exe
periment,

The varisnce and the standaid deviation esiinates
ave 0.0142 and 0.11Y, respectively. The approximate



931 comfidence limits derived trom chi-oquate dretri=
Sut ions ate 0. VWYY, This is less then or equel to the
vaviance which 19 lese thaa oF equal to VU219, Twese
limits ave given 1n Table V. When {itting the log ot
metal tecession, the sstimsty vt standard deviation
von be used to pltovide approalmdte ptopart ional erior
liasts on 1. For enample, the distribution of log ¢t
valuers tos a tiaed time, tuci-to-41r 3480, and rig
has 4 standatd deviataen, &, so thaet log (1) AT
estimated Dy the dog (1) 2Jes Upon taluny the ant oy
we 1ind that 1alies, s that Wels yepresents pro-
Pttt rcnal veny Limits, For the iB-U0 w obt atned-
Vo0 and ol ) andacating that tw ¢ limits ate teom
about w28 low Lo S8 hagh,

The U= W00 L enler poant Jatad tudicate thal §0e ¢o-
et tent ot the log time s siguitacaitt Iv Jarges itan
(s ThRus sndicates 4 (railion Taslel L0 sukiave son”
ticlled, posaibly due to alioy depletion vitect s,
The-tuel-te~air coetticient s g nitcant iy negat e
and hewe tmdcates dectirasing 4ttavh with awrvasing
tuel=tocal a8 was toumd with the IN-JCO,  Thete ate
two signsticant sig ejtects with tiw laget heang tige
L oamd & va tign J and o, again 4s was tound wath tbe
IN=10U, Fropartiengl 70 Limits thete ace esiimated to
be 0L iow to 14l nigh.

The cvetticient on Lisw tol L cvaler peiat data
ot 18-29¢ an VB, unly slaghtiy smaller then |, tThas
sould posibily INACALEe @ COTIVEIVN process that 1»
pactrally surfuce comttolied aml pattly dittusion cone
ttolleds The tucl=to-arr cocftacient 3 ot signef-
want ly datterent ttom 2ese and et ¢, appears to de
it savelved 1o the votteston ot this allvy, Thete s
one sigatticant Tig ettect, beang the dittevetwe b=
tween Tigs | and 0 and rags ¥ amd 4 as tound on the
Pisvending twe alloys,  Frvportional Jo Lhimits are
entimat o a8 0% Low and 733 haghe

The Rat R=5%0Y cemtor poit tesuits Andicated &
voetticiont (h time of about W0 which 18 dot signat-
want by datterent trom V.S, This may indicate a pri-
aattly dittusion contralled teactione The mycre-
structure o1 the dattach 2oue toutd on the Nar W-d08
allwws both s thers suwdy AP ©) amd e previous
worh (Ret, Li), somlivate that tiw attach 1a Largely
down grain bowindaries, presulanly requitang the trans-
POTE over a tathat fong distame 4l may b the cause
W the low expoeit in tame,

Thate aa o sl icant tuel-to-ait ettevg but we
RARNII VANt 1R clbevis Wt ket vid,s However, as
was bhe cane v the other thee albasva, the puel-te-
JA0 vl iavient was negat tve v detect vontiast te the
teasults tound o Ketetems Jts Thie may be jelated to
the ditteremes detwect the twe Eypes o edperiment s
i whibvh LI teleteie sl wtth was obl aiied o st at ton-
Aty o sdmples and Lhe vurtent datd ate vbtdiied on san-
ples tatated in 2he manetr dedscrived above,  lovweves,
i The abserave of tatther woth the anomily ¢ gt be
tully eaplatned.  The propottsonal two o lhimits ate
estamatod a5 9N Jow (e 9 hagh.

Analywis ot the Full Data set

TG wodel ot the equal 100 was fiited Lo abl o toe
avat babie data 1o cach alloy by a least squates meih-
e The melt=consistemy af the data was examinea by
vomput ing (he teatdudls tor vach avatlable abuctva-
Taene This conststs of comput ang the predicied values
ot bog U o eachh data potut and subtract ing that trom
the obsetved log te These tesidudls wete examimed
sely ot 1, Bevanse of the eapetiment 4l Drocoure
vanststang ol three pins ot each dalioy a4t st 00 amd
B otk 1t v 8 guile possible that thetse s some ¢ ot-
e lat bon stracture ondes iving ibese (0 obievat ions
Jue e some gommtt aneori tod led ankiwena varjables,
Soaled aguared o satwen tram L atvgan ot e

voctovs of dimwnsion 17 werr computed, ondered trom
the smallest 10 the latsest, and plotted on & chi-
squated prodability scale {vee Jection 6,6 of
Cnanadesitan (Bel. 12} for detarls). 11 the residuale
Clog® - logt ) are mormally distriduted vith no sig”
niticant 10adility odeetwd vt the valvulateod andel to
15t the data, the plot should be & stvaight lime.
Figute 7 shows the tesuiting plot vingh locas sumevhat
libe & stvaight lLioe eavept 1ot possibly points of, Fe
amd e, These points were deieted Lindivated by A a0
Table 111) sl the mndeln aelit.  The estlimited coet-
ticivnt s wete oot auch Jitlerent. Fhe tesrduals o
this ti1¢ wete valvulated amd plotted with the tesult
Mesented a0 Vigute 8. Thie plot sevms e tndicate
two Jitlerent sttaight fsacs wath poants 15, 46, o8 a8
possable dad points,  The twe sttaight lines mav be

A eEpreted as aindicaling two cItol placesses.  lipon
caamining the date points on the slevper of the twe
liows 1t appeats that almst all of thes inwrlve o
srtuat lon whete 1 of o0 Rouie i1» Less than T o«
uts tor ome ot mote ot the allova. N other pattern
vas seen Lo emcige.  AlLel 4 detatled, tus step anal~
yoie Ol thw tvamaining data ¢naminat 1on, all cthe date
points labeled B in Tadle 'V were also divpped as be-
ing suspect and the mudels agarn vefittod. These are
the vesults given 1n Tadble V. Upon cumparison 1t was
b nted that the Llargest Jditterence 18 10 the o8t~
aated s value. For the mudels $a8 to the editod date
set, Table V, we ot asned s values much mote 0 accord
with the conter point tat. This tact alomg with the
titted equations being Quite similar tuv all thiee
tats, leads us Lo vone lude the results ot the use ut
the edited data vielded the beat tosulis,

[A01S]

Betore discussing the telativw oltwwvis of the var-
adles on vach alloy, ithe estimatvs ot the yesidual
experimental evror and the wmpact ot thes evrer on the
results to tollow will be discusacd. e wadel o ot
the torm 1 sa; % 10F whete ¢ A g 1amdom IR
The vatimates of Table ¥V wiich ate babeled & ° are
cotisates of the vatiame ot o Plus aid minas tw
standacd crrots abat tinw madel equdl 1o 48 Lhus grven
by ay &‘3 N 100, Table Vo represents the tac-
tors W07V 100%™, 1¢ 4w thus seen that APPISS L™
wately "52 W the obaservations stwuld tall vithin 2
factor of two tor IN-90 and Mar H=Y, Tae 9% tol-
wvrdwe Limst s slaght iy lagger, about o5 gor IN- OO
At W20, L omant be o aeted that thas an atvivtly
taue only 3t the o are simlepemient and doimally dvs-
trabuted, the maded as stadted s votaect, and we hnew
what the tvue values o) a3, a: gree The probabal-
ity plats ot Faguies and B oAt e approximdat e notr-
malaty,  We ate wot o sute ot the chotee ol the maded.
1t has sweveral tedatutes that dve destiable but ¢ learly
canat e assumed to b eadct v cottect, We must aic
Tow 1o the possabilaty ot 0 tutule dittetent ael
bornge mvte chemically precaiars Due to the sathes
Vavge experimental eator 3t wall e ditcwvult to das-
Lingui si amog conpel ing madcle unlesa 1Y they dre
stosgly datietent, o1 J) Wit petiare very exteonsiwe
eaprrimentat o ALDL dascussion 3a an tetms ot the
chiwnsen medel, We then come to the poing that we have
oily estamated the covtticivint s, Thete e coiote 2l
wiwertarnty v ecach ot l'\l'h-.‘. NEIN] .\l"k‘l‘. wineitainty
M the tatted equat sone Thete ate e eanact methodas
avat lable tor quantitvang this uncettdainiy sn Lthe care
ol nonlenedt feast sguates. The exiat ing approsimdal e
tevhnigues e cuabrtseme amd ot aeettan valadaty,

WhHat we ate mexnt tntetested 1 ate thowne vatrables
which caume chavges an Lhe depth ot attavk that are
RUcater than fae changes duae to vanden sampling.



Sadsum

acteasing sodium levels inctease the Tate ot ot~
tach for all four alluye. The increase 18 especiailly
dtamat ic for 18-10U and V-7V, From Table V, the as-
yaptot ic values age tor IN-10U, YW, &; for =100,
05,2, for 1B=792, 3%.«, and tor Rav M-SUY, 2,00/,
These vatues are slightly aisieading sinve they are
A3t approached vithin the sodium levels obseTved Lu
the experiapnt, eacop. for Mar N-3%09. PFigure Y(a)
shows & tale 14CEor tor sudium uver the interval U=
PPe.  Althwugh not plotted, the tactur for sadium as
107.8 at 5 ppm: for IN=10U, V=200 and IN-79. it ise
evident that the change 1n attack over the U5 ppa
Tange 13 considerably larger than the experinental
error, while 101 Mar N-3U9 the change 18 cluse to the
error limits., Theve ate evideatly treal diltfierees
betwoen the rate of each alloy aleo. As an approzima-
tion comnsider that at ¢ ppw the predicted factors and
the error limits ave

t10~20 v 1wt
s Wwo 1v,7 .7 120.3
U=-700 595 13.9 3%
=92 2.5 5.0 10.0
=509 88 Ve? 3

These results are comsistent wath published data (Kef.
1) inasmuch as they indicate that incresases in sodiva
ave a cause of increasing attack, and that the alloys
cotrode in approximately the order ome would eupect,
wtinly the moat corrosion resistant, Ner W-509 thmu;h
the least corvosion resistant, IN-10V,

Potassium

Tocreasing values of potassium cause incleasing
Tates of attacke. The mumerical values defining the
rate function ave given in Table V, and the functions
plotted over V-9 ppm i1n Figure 9(b). The change in
Cy over that range is clearly larger than the randam
ervor effecta, but uppears (o Le about the same for
each alloy.

Nagwooium

lncreasing Sagnesium concentrat ions dectvases at-
tack for all but the Mar M=3509 slloy. The Mar ¥-509
alloy indicates ossontially no et fort vver the range
plotted, 0-95 ppm, vhile tor the other alloys the
change in atteck is about the same. Thus, this study
would indicate that sagrweius 18 a favorable eleaont
as would be conwluded from Reference 13, but not
especially so. The dehavior of IN-100 and IR-792 are
very much alikes These results ave plotted in Figure
LT3N

Calcium

Calcium appears to be a favorable additive as in-
creasing calcium concentration leads to decreasing
attack for all allove. The numerical values in Tadble
V indicate vate teductions of trom U.19% to 0. 407,
These lLimits avre nearly achieved within the lovels of
calcium examined and the factors are plotted Erom U-)
ppm in Figure Yld). For IN-IUV and IN=792 there is &
very tapid reduction in rate, while for U-TU0 and for
Mar N=509 reducticn is aot so rapid. Over the range
of 05 ppm the change in the funciton is larger than
the error limits. These data ave certainly consistent
with the inhibitor data published in keference 13,
vhich found that calcium decressed corrosivn to some
degres.

Chlorine
hlorine also appears to de s beneficisl dopant.
The oumurical values of Table V indicate asymptotic

teduction ot vate of artack from 0,199 to U, 104 de-
Peading upon the alloy. thlorine concentvatious 1ange
trom U-16 ppm, the tate factors are plotted trom U=~V
Ppm tur *a 0 alluy un Figute JU. This indicates the
waponse tu he rather samilar for each alioy. The
Tedurtion in attack due to the chlotiw i3 cater
than the error Limits. These resuits a ¢ sumewhal
surprisang «» ¢a1lier work an butier - ips (Rey, L)
sadicated taat chlorine was probadly o cause ot avvel-
etated ot cotti-aon, although the data were certainly
it unambiuous. In this case all of the data secar
to strongly indicate thet chlotane, wive present, can
be 4 cause of reduction ol RUt cotrosion and nat o
acceleration. Thi. ts consistem with the tesulis of
Seragil (Het. o),

li.a

One important and disturbing vaviable to consider
is rig eltects. “he rigs are nominally identical,
thus whutever var.ability there is trom one rig to
arvther is a lower buound on the dittferences that could
twsult betuwsen two Jdifferent lads. This 18 hecause
many things change from lab to iab, least mwng them
the rigs. Im vur model the vig offect is included
through the inclusion of the two dusmy variables, &)
and R, Table Vi presents the deviation of each rig
fron a wominal or mean rig by indicating the value of
1004(R) ¢ B2 * R} B2). It i Lhus seen that
vig | tends to y old attack vosults about 13-242 nhigh-
er than aminal, while rig 4 yielde results about
11=102 lower than wominal. Rigs 2 and J are abouc
average {n their effoct on corrvsion attech.

h%tquu
he model chosen for the (emperature rate factoer

hae the obvicus drawbach that theve are 8o tewperature
dopant interaction terws. 1t would be e.pected that
Mg wuld nwt have an interaction effect over the rage
of intersst. It forms MgU which prubably acts only as
oither an inect solid or as a slight inhibitor (Ref.
13), However, MgU is a solid at all test tempera-
tures. (1! has been shown to remain largely in the gas
(Ret, 15) and vhether there should be a C1 - tempera-
tie interaction is questionable. One wuld expect
Na=, K-, am! Ca~temperature interactions as these torm
sulfates whose dev points and meiting points may be in
the test tempersture range. Since it 1s generally
assumed that accelorated corrrsion vecurs primarily at
temperatures between the melting point and the dew
point of the deposils, the compusition of the deposit
should strongly intluence the shape of the temperature
~ corrosion cutve,

At this stage of the development these types of
interactions have not been included in the moiel.
Nevertheless, the temperature profiles predicted by
the model arve in reasonable agreement with the ob-
served data which would indicate that the potential
intevaction terms ave not necessarily first order ef-
focts over the temperature range of intirest here.
Fugther vefinements in the model may include the
temperature~dopant interaction terms provided that
theiv effects are greater that the uncertainty in the
daga.

CONCLUDING REMARKS

An attempt has been made to atudy the cofrosion
attack of turbine airfoil alloys as a function of Na,
K, Ca, Mg, Cl, temperature, and time utilizing a sta-
tistically designed durner rig program. An attack
model was developed from these resuits which, while
obviously incowplete, seems to account for most of the



importam fivet ovdes etlects. As wore data become
availedle, modification and telinemeont of the wodel
should allow grester predictiwe ability.

A rendix - A-Ray Dattract ion Results tur Bepasits
by Ralpd . varlich

fhe vu,nier=detioltt tovusity camere setbhod was
used 107 analysis 0! the powder samples, This setid
vas used vhictly because it otlers betler sepatation
ot peaks than the other uvailadble swthods in the range
ot lattice spavings whetre pead overlap otten ledads to
prodlems 1o phase wdvititication.  This method wlse
Clters the advantage ot the abiitly to vun « sauples
uide r the same Jiittavtlion vomdit lons 48 the sane time
A having the resulting « patterns vu | tilm tor s ver
Parison. This 18 adeal 107 ¢ varisva vl depcaits on
thw < alloys for the same depo.it comxditions,

The wesults o1 the ditttaction analyses ate sum~
mavized in Table Vil Under each phasy tiw lettors
indivate the telatave intensitly ot the pattern tor
that phase compared to other phases present, 8 ia*
dicating strong, M oediun, and ¥ wesk, The center
POl S AT SimRATIA¢Y 48 it Lhey wvere | fun, eund, &)~
though there vas some variability io twaulls, the as~
)or phases prrvasent were sudstantially the same for sll
runs. Sampling to get powdctr (ur XRay analysis ves
Jone primarily for analysis ot thw deposited astorial
and avtvapis wre aade (o awid including tin: sud
vtrate orwdes formed on the samples lu maty cases
this was not pussible, a8 indicated in the table. The
angense Ot substtate (0 the X-day sawple, thetelvre
dues ot Lidicate that vone vas present on 1he sae~
Plos A expected, substirate oxide was must viten
present in the IN=100 samples. Na 80y, presented
in the Table as | phase, was sstusliy wiicus combin
atinns of 3 scpavate phases - typea !, Lil, and ¥
Na 30, vith types | and V mote vowealy present.

In mout cases oalv | type ot NaSl, was present ia

@ samples The K Na@ x50, totmed 1o maty ot the
samples i3 & heaagondl phase with & tange ot compods=
tion ot at leant trom Ky opNa) 3 B0, to &) siay, syl
with the vnat cell ivcivasdang sn sise as the K/Ka

vt o increascs tRet. 1o).

The column Jesignated liaph ot S0 )g i3 an
estimaty ol the tomula tor 4 phdse (or phases)
present i waoy ot the dampless A previvusly vt
cated, g oset of unhnowd Lines ocvurred trequent iy
vestarn sasples. By cortelatim the presenve and tel-
atave atgemgeth of thas pattern vith comcent rations ot
dopant & 1l was detemined that the phase was probably
aosultate with Mo cue pornesple caton, swd smell
amouint s ot Va and B alae aecessary.  To svathesaize
this mdtervial, several samples 1 (his composit ton
ranpe were miked t1om L component s Kasu,

Vasy, dad K30, these matuies were heatey ot
SOUMC tor ¢ ot s, voeked and A-Ray ditirevtion pat-
terns vun for Liw resulting matevials, The tesults
ave summdrieed s the thiee component paase map, Fige
ure 10, The sample with ne potassium (Ka/Ca/K *
1000) consinted ot Nagso, ¢ vasv,. ALl other
samples vontained the ankiowin phase, with & sasples
containing only these unknown Lines.  These samples
woere fheae ot Ko Ca/K ratios o) 87870 and 7.0710, an=~
dicatiag d range o campasit eon e fhe unkinown
phase,  We have desigadtod Lhas pliase as
NapK ptat S0, Yy, wineh cettanly teprencnts thw
Apprexamat e compasit bon.  The other sasiples an the
SYnthesis attempt consested ot this phiaxe plus th
sultate one would expect trom Lile conposit ion (eog,
NasSU, Loy Nasvs/K = 8/l ).
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TABLE 1. - COMPOSITION OF ALLOYS
(A1l Values are Neight Perceat)

IN-100 v-790
10 14.2
al. sal.
13 158
5.8 4.2
4.7 L3
5.0 4.4
1.0 .

. <.a
. 0.1
. <9.1
0.6 <.0
. 014 0.02
0.18 0.06

12.7
Bal.
9.0
3.2
4.2
2.0
3.9
3.9
0.9

e.1¢
0.02
0.2

Mari- 509

0.8

0.6

FABLE 11, « THE SEVEN INITIAL VARIABRLES AND TMEIR LEVELS

Star (-)

04 PPM

800°¢

vube ()

200

Center
foint

.48

950

Cube ()

1.0

v

1009

Star (¢)

4.95

1100
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f1) See text of Appendix fc. discussion of this phase.
f2) Substrate oxides usually strongest on IN-100 samples.
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Figure 1. - Hot-corrosion apparatus and test specimen.
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Figure 2. - A central composite factorial design for two variables, A and 8,
A+ and Bt denote axial or star points; C. P. denoles a center point; and
4, b, b, and (1) denote cube points,
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Figure 6. - Microstructural attack 2ter 200 one-Hour cycles under center point
corditions. (9500C, 0.90Na, ©.9K, 0.45Ca, 0.45Mg 3,21C1)
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