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At the operation condlrlonsof interut !n nuclear thamal p’opulslonmaaom carbide mmerials have kn known
to exhibit a number of Ilfe 11.mhln~phesmmena ~ese include the fmmatlon of Iiqui& loss by vaposizatton,creep
andcmesponrhn~ gastlow reamktiosu and local amosion andfwl suumm dcgra6Wm due to excessivemechanical
8fidfOr tkrmal loading. In addltlcm,the rdiaticm environmentin the rewtor core cm pfOdUCe a substantialchangein
ks local physical prop@e& which can pruWe hlgb thetmal suessesand WmspOWng stressfractures (cracking).
Time.tempeature hismry and cyctic oparion of tie nuclwr reactoran alsoacceleratesomeof theseprcmxses, The
University of New Mexico’s Institute for Spaw Nuclear Power Studies, ~md= NASA sponsorshiphas recently
initiated a study 10model the complicated hydrogencorrosionpr~ss, in supportof this effort, an extensive review
of the open literature was performed, and a technicalexpen wo:ksbop was conductd, This paper summarizes he
resultsof this review.

JNTRODUCTIO~

Nuclear Thermal Propulsion (NIT) engine systems are attrwxhe options for orbit transfer and planetary
exploration applkatlons bmuse of fhelr high perfomunce (Bus.swdand DeLauer 1965, Borowski CLal. 1992, and
Stafford cl af. 1991). To achieve aucb performance,which is typically over WI= that associatd whbh chemical
propulsionC-fitems,hydrogen Is usedas the NTP engine systemworktn~ fluid beause of IU low molecuia,rwe18ht,
[n W operationof suchsystems,NTP reactor chambw tempesmuresand prasurea sre typically greater than 25CKJK
and 3 MPL respectively, Addhkmally, to mlnisnize the wei@6 NW reacton operate at high power densities,
Power dentities of up to 2,7 MW/ll@ have beendemonsua@ while future ~eneration soljd.core r~ctor conccpu
could conceivability operate at power densitiesas hlgb as 10 MW/fiter or ~tM for single burn, short operation
time sppllcdons (lktig 1986 and Clark al al, 1~93), OperatJnSat lheM high power densities produces a high
mdlation flux environment h the reactm mm. These chmcteristlcs povide a hottile environment for NIT reactor
core materiala In which to tumlve, To meet thh englneertngclwllense, UranlumZirconhm.Carbon (U. Zr.C) and
Uranium-Nloblum.Carbon (U.Nb-C) autarial tymsns have been asldarad for such epplkatlons (Koenig 1986,
Flnseth 1991, Taub 1975, Lyon 1973, Matthew et al. 1991, Carsmk et al, 1991, Homan et al, 1991 and Stomw
et aJ 1991). Carbide ‘nateiid symm are atlracthe due to Wr favcmble nuckr propmles, hleb melting point,
tiermal slsbilky, low volmlbilhy, hl~h modmdon propatk and low danslty,

AI rhe operatkm condltlohsof taterost in ~ Mctom arbide materkls have been k’town 10exhlbh a number of
Ilfe Iirrdtinupbmomena (Stoma et al, 1991), ‘Ilese Includethe furuukm of Uqu14 loss hy vaporimlon, creep and
axrespondlng #as flow ramictlonh and loal corrosionand fuel mucture de~ddon due to excessivemechanical
arrd)orlbermal loWt#, In dlth, the Wtkm tn tbe raKKU - avironmenl can producea substantialchangein
Its local pbyhl propmks, productn~ hl~b thefmal m’esaa and amespondh8 auem fractures (uackin8), Time.
um~ture bistorj AM cyclic opation of the nuclear- = alsoaderale sme of thesepucesses

Da~adatlon of NTP 18Qctorfual inta@y by @e phmcal ~ just monkned, baa been the subject of
rewuch &nd development dtsrlq rum testint aasdald wllb the Rover and NERVA pro-s (Kcmig 1986,
Flnsetb 1991, Taub 197S, LW 1973, and Hcmurt et al, lWI), Of meet ooocm wu the core mated,al mass loss
UUOCIUM wltb localized camhst of the prismaticdesitn fuel 01-u ttW In the programs, Material mass loss

occurred at temperatures oubstsntially lower than the fuel mateshl melting temperature (2500 K w 3200 K) and
accounted for ~ lar~e perwm~e of the core materhl lots durin~ opwatlon, TW bi8hly complex phenomena
encompassedmany of the Iife=llmklnt pmceasespreviouslydlscusse4UXI uule en@eerlng solutionsto correct lbh
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problem difficult 10 identify and implement. The hydrogen corrosion processsubstamiallv reduces NTP cnglne
syskm Fflormance and life, wbicb directly influencesovem.11missionsafety reliability, and COS1.

The University of New Mexico’s (W) Institute for Space Nuclear Power Studies (ISNPS), under NASA
sponsorshiphas recently initiatd a studyto model the complicatedhydrogen corrosionprocess. In suppofl of tiis
effom an extensive review of tbe open literature was performed and a technical expefi workshop was conducted.
‘llIcse study activities helped to provide tbe foundationto establishthe smte+f-tbe-an understandingof the physid
processesand modeling of corrosionof carbidematial systemswhen exposedto hot hydrogen at conditions typical
of NTP rasctors. Additionally, tbe review assessedtbe applkability of available experimental data to benchmark
(verify) future corrosionmodels This pap summar!zs the resultsof tbe review

An extensive open literature mvlew was pond during this initiaJstudy. In this effort, literature was gathered
and reviewed principally in the areas of wbide tbennochemistry and in related rest.archand development work
associatedwith the NERVA and Rover pograms. In addition, extensivediscussionswere held with many techrma.1
ex~ in this field, Based on this data gathering actiwry, assessmentwas made on of the technical community’s
past experience, fundamental understandingof the complex corrosion process, and the adequacy of ava.ilab:e
experimental data to properly benchmark Lbenext generation of conosion model(s). The following section
summarizesthe resultsof this rewewl

Comosion of carbide fuel materials, due 10their exposure ICIhot hydrogen in NTP syslems greatly icnpaclsthe
engine performance,lhrusl.loweigh~ and operationlife and ISconsideredby many to be a critiml developmem Issue.
Experience from he Rover and NERVA programshave shown the effects of corrosion to be substantialand to be
highly complex, Hydrogen corrosionphenomenaof mrbmbased suuctualrnu.erialsand tiide fuels are driven by
many highly coupledand interrelatedphysicalprocesses.These p’ocessesinclude: (1) exposureto hot hydrogen gas
which producestbermo.chemical reactionsof varinus types, (2) preload and non-uniform heating and mechanical
loadm~, (3) exposure10nuclearradiation,snd (4) blgb mmpature effectssuchas-p. Coadngshave kn usedin
the past to combat corrmon, but witJ only moderatesuccess.

As shown In Figure 1, comoslonhas a major impact on ?WP engine systemdesign, development and operadon,
including: (]) specific impulse, (2) engine systemthSW3.Wel@U ratio, (3) WaCtOr Conuo], (4) operation~ life!
andor duty cycle, and (5) groundtestingcomplexityand cost.

For solld.core reaclor engine SYWYU, hydrqen corrosion Ilmlu the reactor exh gaAtemperature for a given
operational Ilfedmc and dury cycle. Comosionof hlgb-lempcmsmrearblde solid.solutlonsystemshave been found to
exist at temperatures(<2400 K) substantiallyless lb tbelr melting pdnta (>3200 K). l%e reactor exh (chamber)
Temperaturesubstantially impam engine system ~fonnance, and spcciflc impulse (Bucsard and DeLauer 1965).
‘ltIus, as tbe propllam exit temperature Increases, mission propell.m MASSmd support Oauncb system)
infrastructure requirements decre~ raducing tbe overall mission Ufe cycle cost, Addltlonally, the occumenceof
arrodon dudng o~ration can sligblly redua the enghw systemperformanceby increaing the molecultu welgbt of
the propellant gu workhg fluid by esminment of lbe baavhr reutor fuel and suucmal materul and its racuon
b~mduras @US!W1’dand ~ ]965),

Hydrogen comosionaffects tbe thmst=~wei~l rmlo of tbe engine systemin twr ways: (d) h Increasesthe m]ual
reactor core mass 10comprtsate for mass lossduring Its operation lifetime, and (b) h lowers tie reacior power
density, resulting ins lower un~ineIIyatarnWst.to-welfht mtio andlor llmits on slvan ~ystemoperational Iifelune
&ndduty cycle, The ttlatlonsbip her+’eenpower ckndty andcritical the of the cme 8raatly influencesen@ne system
life for a #lven fuel design.

Mass lost of Ibe ruactor core fual by corrosion also Incmsas tbe demand (#daptatlve response) of tie reactor
control systemwikb can reduw tbe rehablllty and ufery of tie NIT englae syttmm(Koenig 1986 and Taub 1975)
‘l’her-ctor core neun’onlcswill vary as a function of opmhg time (pmahic absorptionand scaamlng wIII cbaqtc)
within tbe core u lbe modemtor andhr fuel mmrW Is removed by comcrsion, These factors, whkb change tbc
reactivity feedback cbaracterhtks AM!rwor Pried, will likely chaUen8eIIScontrol syuem
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FIGURE 1, Effects of Hydro~en CorrosiotIon a Nuclesr TbemA Ropulston En8hte System.

For a given N’TP reactor dulgn wlfb a particular set of opemfhg mditlonk duty cycle Ufe.limking effeas such
asrddud StrCSSbuilduptiof ]OW~ hydridlngof be arbide fuaL ampled with COITOSIOILcan reduce the
rprdonal life of tbe system (l(oen!g 1986, Fhtseth 1991, Taub 197Sand Lyon 1973), The release of NP reactor
fuel (fission pruducts)tnto the mtmospberaand sumoundlnsgroundUS1area is unscceptablofrom an envlronmenul
viewpoint, lltus, contslnrttm ad colktlon of NIT system fission by@ucts effluent rqulres b an effluent
exhaustgas trcamient systembe us@ Increuirts the complexity andcostof U test system,

U-Zr-C fuel matdsl has hen used in a number of fuel element dadgns for N7T reactor systemswhich arc
summrlzed ht Tsble 1, A partlculu core fuel design can affect tbe Id propelhm (hydrogen) flow, material
wmpatuurs, mdhlon flux, mrface mea.tmolume cIMMcfariulcs, SW and mm of Uterector, tnd internal stress
considetulons, Tbs6 inherh Wgn tits in- ht a Ialghly=mupl@ lnte~ted manner with tbe many competin8
wrroslcm ~ssa, on Mb Qlord (miuo) tnd ~obd (ntauo) We,

‘RIO fh fuel olemam desisn shown in Table I were developed xnd studied extenttvely durin~ the Rover and
NERVA protmms (Clsrk at al. 1993, Fhtswh 1991, Taub 1975, and Lyon 1973), Typically, each fuel element
Contnlns 19 small, mxial cifcuhr cooltnt CbiSIOIS. FtIel d~nts of lbh lypa were fAbd~t@d and wstsd witi
dlfferm U=ZJ=Cfuel desi~ md cmtposlllms, F@re 2 @lays the @Iciple fuel desi~nexamined ht the Rover
and ~VA ~~. Urmlum tilt in the put were atbeddd in: a ~te maaix in tie form of UQ (not
shown) or UC2 pmicla u a cmtinuoua UC wobbd dispanlon, md u a U-U< solidduthn, Development tast
rector axpienca .howed bate w d Ml tip to M -ble @ bydrosen cmroohn, Hydrqen cmoslon
was found to occur pim.mlly ID WI lnmll coolant cbnelt, about tbe outm ptipbary of the fual el~eng where
bydsqen sas -O wu obtawd W u tba M ebmunt mpport

%X
re@on,(W F@e 2) (’Koanis 1986, Fhtsetb

1991, ~d T~b 1975), ‘he ~te fud d~ls ~ With 9A6 ~tm mt of the NERVA prosmm,
weru consideredtbe most m~ful (Koanls 1986, Fhtseth 1991 md Tmsb 197S), ~ Nuclar Fumm. 1 (W-I)
demonsttmledMer bol end CUTOIIOOban tbe ~hlte fuel elements paviously tested in *C Rover snd NERVA
}JmSMI but WI azblblted a Bl@flcmt *- of mid+and (rehtivaly low tampemure) contxion (Koania 1986,
Tm,tb1975 a)d Lyon 1973),



Because of the high chemical reactivity of carbon with 1101hydrogen, numeroussurface coating strategieswere
invesugated. Much of tie past Rover and NERVA program effo~ in his area focused on tbe development of
effutive surfaceover matings to rduce tbecorrosionand comrqmndiog&gradation In structuralintegrity of the fuel
elementsand non nuclear reactorme components(Koenig 1986, Fmseth 1991, Taub 1975, Lyon 1973, Homan e[
al. 1991. Wagner 1992, and Wallace 1991). MonocarbidessuchasNbC aod ZJC, m well asotiers, were considered
asprotwtive coating material candidatesbecauseof heir stableintetiaw (contact) adherence with graphite al high
temperatu.mhigh eutectic temperature,dative resistan~ to ah~ by hytigen ~ ~ feSCLOr-bon ~nditions~
and low neutrcmcross-section(heoi8 1986, Finsetb 1991, Taub 1975, Lyon 1973, Homan et sd.1991, and Wallace
1991). FaWxion processingand quality control, thermal expansioncompliance between the stiace coating and
tbe fuel form substrate,and tbe presenceof initial surfacemicro-uacks were found to be Lbekey factors which
influencd the effectivenessof a casting to combat corrosion(Koenig 1986, Fmset.b1991, Taub 1975, Lycn 1973,
Homanelal. 1991, Wallace 1991, and Kochka 1969).

TABLE 1. Tnical US Nuclear 711ermalPropulsionWctor Carbide Fuel Form Designs
Co~slderedin tbe Past, -

FUEL FORM DESIGN
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FIGURE 2. Types of Carbide BasedFuel Matrix DesignsPreviouslyCatsklered.

The NbC surfaca coating was first hweati~ated In the Rover prognm ~cause of tieir hi@ eutectlc tempemwre
(-3575 K). which is appmtmatly 450 K higher fhan that of X (-3123 K) Chub 1975. Homan et al. 1991, and
Wallace 1991). Early tests showed NbC coatings to have some problems associatedwith stiface cracking and
adherencewilh the graphite matrtx fuel substrate(Koenig 1986, Flnseth 1991, Taub 1975, Lyon 1973, Homan et al.
1991, Wallace 1991, and Kdika 1969). Initial rwmh on M coatlnss were found to adhere better to the fuel
substratethan NbC coadng. Baaedon this ex@ence M coatingswere hmpomted in many fuel element designs
in later Rover and NERVA test nactors and en~lne designs. Composite fuel elements for LheNF-1 tests also
employed ZrC stiace coattngs(T’aub 1975, Lyon 1973). Even with tie lower euteuic tan- associatedwith
ZrC. these coatin8s were found to have good reshtance to carbon diffusion at high tmpratures (Koenis 1986,
Flnseth 1991, Taub 1975, Lyon 1973, Homsn et al. 199i, and WallMS 1991). ‘fbouSh fuel mass loss was shown
to be redu=d by USh18~ -8S, Si~mt OMtifjS SUIfM4 aacktng WU am ObSUWd (h@ 1986, FhWth
1991, Taub 1975, Lyon 1973, Homan et al. 1991, and WallMC 1991), Tbe presenceof these surface uacks in the
coatingsof fuel elmenu wasprtmmily attdbuted to dlfferencasin the coafMants of themuil expaoshm(CTE) of the
coating and fuel substratematedak TM CfE characteristks of some undidate fuel compositions and surface
matings considered. Rover and~VA programsare summarl~d in Table 2 Additionally, facttwssuchas the
operatlona.1environm.il and duty cycle that a reactor core experiences, can also contribute to sufface coating
tiaddng.

TABLE 2i Typhl CmUlclent of ThrmaI Expansion(~ Values of Candldste
Nuclear ~ Ropuls.ionFuel Materials (Taub 1975),

MAIERLAL APPLICAmON* CTE (@m K) /
TEMPEIL4TURE (K)

FloIu=Tyue &au whi F 5s3 -6.5 1298.2273
Unfueled G’apMte F 2“4J293”2273

(u, ZOC c Omposka

F -7,81293 ● 2273 ~

‘ C ■ COda& P= FwI Subs&ata
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\UhSLllI[lal ]nterface surface srrcssrnismatch(es),berweenthe surfacecoating ~d tie fuel subs~~ ma~~l is
possI bIe due 10 crep of tie IWO differen[ materials at [ernperaLuresother than their deposition lemperahue (Taub
li~”~, Wii]]aCe ]99], D~brml~h ~d E1.Ge~ ]990, ad Bern~d CLal. 1958). Table 3 Summarizes UMIly Of Lbe

co:i[lng/t’uel substra[esurface integrity stales which are possible as a carbide fuel material is fbermally cycled.
?Vplca]ly, Coaungapp]lcation temperaturesranged from 1473 to 1673 K Uaub 1975). ~ c~mP~~ w~ o~Y
u~cur al tie temperamre at which tie coating material was applied, Tfc. At other tempenuures residual sr.ufaee
w.resseswill likely be present. If tie surface cmsir@fuel subsbatetemperature is less than Tfc, tbe coating is in
lenslon relative to the fuel substrate,which evenmally leads to surface axing cracks, as well as enhancing tie
propagation of crackswhich were initially present. Conditionssuchas this are presentafter fuel element fabrication
IS compleled, as well as during NTP engine system start-up and shut-down. This StidCe response w~] likely
increase me ram of corrosionanridecreasethe struesumlintegrityof gmpbite-basedfuel elemenu. Convmelyl when
tie surface coating/fuel subsrrateumpcmture is grater than Tfc, the ecadIIB is in com.pre~ion fe~ve ~ tie fuel
subswa[e This surfacecondition, which typically @cursdting NTP full power engine Operadon, tends 10C1OSSup
any surfacecracks which were initially presen~as well as suucturally strengthenthe mating. ‘l%e stiace mating
when operated under such C’TE complianu conditions, tends to be highly effe-erlve in minimizing be effect of
hydrogencorrosion.

Expericnce from r.heRover and NERVA programs,basedon room tempam.re observations,showed tbar il wm
JIIII,M unpossIble to fabnca[e fuel elementswhich were crack free, becauseof the CTE inlerface compliance issue
(’1’:Iub1‘~75). Typically, surfacecoating micro-crackswere presenton newly fabricated fuel elemen& Only in rare
lnil~nces was II possiblew produce fuel elemenrswhich had surfacecoadngsthat were essentially crack Iiee. This
CI)IIL!III(MI was found 10 occur only when the fuel substrate’sCTE matched that of the coating. In general, the
CiLIUIIg’S ~E WaS S]lown [O b highly depnd,an[ on 1[’s m~n-{o-rne~ ratio, ss well as the impurity @ntent (Taub
1075)

“lo address rile issues of surface coaling sacking and i~ con’espondinginfluence on corrosion,two susf~e mating
su:IIegIeswere examined in the Rover and NERVA programs (Koenig 1986 and Taub 1975). One approachstudid
IJc USC’of a MO coating which was npphed over ZrC coaledfuel elemenl coolantchannelsin

TABLE 3, PossibleCoated Fuel StrucmralIntegrity Stalesas it is Tbenrmlly Cycld.

I,, *.I I

SURFACE COATING

FUEL SUBSTRATE

mATlt& m3La&onnmMmnAYuRE
.
. won-am

OPIN CMCKS

thu Iurw~d (low temperature) fuel element region. Ovmll surfara coallng cucn@r was incrwsed in this region of
tie fuel elemerm,where tie nWaee coati.n~is under high tensiondue to a ~ lrnerfarx mismalch, TW coaling
dcsl~n tspproachwas testedIn a Rover Phoebe! reactorand in NERVA development ust reactma, Results showed
rJwMu outer coatings rcducd tbe presenceof sutiacecracks,Incnmd the stmctuml lntegrs[yof die fuel elementand
reducedfuel massloss(Koenig 1986 and Taub 1975) Tbe MrMrC coatinga roach was baselmedfor the NERVA

!?lhglu cngmereactordcsierrwbkb useda tilde panicle rsramixcomposition( atig 1986)
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lle odler coating swalegyinvestigatedfmused on developinga fuel elerrm wbicb minimized andtor eliminaud
,IIIJ dlftcrcnce m tie C’TE between (be subsIMmand k coaling (Koenig 1986 and Taub 1975). Near be end of tie
Ilovtr program, fuel elementswhich exbibitcdsuchphysicafcbuacun“Slitswere fabciz but Wae never lead in m
rtxwlordue KSWe terrmrmuonof M program

Flow insuMiLies, aswell as subalmiisl levelsof nonunifcm mechanicalmtd H hadiog wesealso obsen’ed
[o be present in Rover type fuel dcsi~ (lCoeai# 1986 and Fwti 1991). 00 tbe positive sid& M ~ of fuel
designexbibiled a mfkr low stutke mea-lwolume mtb wblcb _ to - dx _ e!kt ofumuairm cmm
operation of tie NTP engine systan. Mud of tk fuel technologysad expuience bM sAW _ * Rover ~
NERVA programs has applicability to * fundamental underatding and development of other -ergiog NTP
rticlor concepts

The use of small microapke fuel @cles baa also been COasWmd faanumlwofp ackedbedws’eaclw
coIIcepu (Clark et al. 1993, Boua et al, 1983, and El~nk et al, 1993). Typidly these panicles, abown b Table
l,aeappmlm2z:y 5Wml~ph~m@ n~~dM~f@~l*WMU~Kff
UCx/NbC hydrogesrecsmosiostmaislant umeriah which are muhkomed wifb M@ strenglb, I@ umperamre ovw
coaungs such as porous embom pyrolytic carbon,and X. These pa’dcka am &signed 10wilbsfaad tbe inf8fMl
pressure buddup due LOfission gas (moslly Xe and Kr) producha, as well as to Whbsfand fbC reactor cOre
crsvIrrxsmeru. Such small parkles possessa high surfacearea-wvolume ratio, which ~ enable _ ●t high
power densmes,bul m the expenseof rapid masslossby hydrogencomosiosr(Stems 1991 and CM et al. 1993).

,\msdwr cwbide fuel form design bat IUS beenexmined in the pm is fbe fuel pellet (Clark el al, 1993 and El-
( icnli CI d. 1993), The fuel plle~ shown in Table 1, is lypically 5 LO10 mm in diarne[er, which is made up of
m;my l.JC-ZrC or UC+fbC fuel, TRISO-lype, micros- and baaan over coal of M or NbC, rea~uvely, This
Iuel parucles are ben encapsulate in ● ZfC mauix which is also ~ with an aMMOal layer of M 10povide
M.iIIIoIul protection against hydrogen cmosion. ‘he fuel pellet deci~n provides a mom unifam tempmture
ihsmlhutmn. avmds high contm poim messes Iwween microspberes,offers multiple suucmral bmiers to ensure
till I Iistlon product rerermon.and provida high resisunce ur aimodon by bydrogon. P@ced bcd macw cusccpls
LIMI use W Iuel foml lypIcafIy exbibil a medium Iuel surhcc aru-lu.volume ralh, and produce reactor power
denwres (24 MW/liur) tbal are greaur lhm those&nonsuaMI in * ROVU and -VA pop. Maw of the
subsumially lower surface-m-volume satioof fhesepelleu, they would exbibk subslaoliAIlyless fuel mass loss by
comosionthan in a particle bed ~lor.

The development ust reactors,W ~V& andSmall Nuclear SpaceEagti fll@t ddgns all usedfuel clenMsls
WI[ were basedon tie coaud-pmicle maaix design(19gure2) (Kwnig 1986). Tests resuhashowed bal fuel mus
loss and mechanicaldegradwkm wat m,qjmdevelopmentissuesand ~ potmdaJ of inueming b uw _
lempcrame was marginal Hen=, Tbe cmposite maui,x and solid=sohnion fuel designs were pursued (F@o 2)
during tie later portion of tie Rover prognm. Tbesc fuel designs have tbe polenfial to operaw at bigbcr
Icmperawres, as well as beint more sdslam us hydrogen concision h c~d=pamcle designs. Tbe bigb
temperature potential of a solid.solulbo frM cunposifkn can be undemmM by examining a pse~binary phase
dmgram of such a arbide rnmmiaL (UO,l, Z#0.9)Cx, which is dispfayed In F@a 3 (Lyon 19?3). Wilb h a -
carbonatom rauo ran~e (-0.92 to O.%), matdal umpemuuea - ban 3100 K m Posalble, Crnverwly, F@re
3 sImws bat the melting point of (UO, 1, a0,9)Cx is sensitive m a Chute la afbon conlenL whkb could vary

during opcrauon if bydro~en carroaionX place. By bmasina intmpmioo of tbe fuel mm M graphita mauix ●

closely packed webbed type smtcture ia prdced (F@e 2), W popa@ka of ~ an h Uml@d, Lhmhed
development wst,in8of theseahemadve ful daltns w- @mwd m U Nuch - ~ ~. Baaad
on these hmiked resulfs frx modest NIP opedon life, these almmlve fuel composkions mM Ukdy opuuc u
reacmr ~aswmperames > 27~ K fu lhe compositedesi~nmd z 2900 K for b. W=soludas &s@ caub 197S).
Operatmg temperatures for b dvti fuel dul#is can be mmw86 m M casd=pmtkb h fual which
O~FdlC UpIO4 llWiDIWl BQS~_Of~ K, ~ ~uealmafew 4m&ed*~bl@tban
tial usscma~d whb maul fuel mhmphas. ‘h inmased -S -- cap8bUiIy of ~ advamd fuel
designscan uanske inlo incmasd ~ ensbe symamXOSUIMW, ~ margin (rakbllky and Way) andlor
Ilfe

A comparisonoflbe w 10ssrate, Ma function of fuel elaMut AxU psi- Capewe.1 gmphtle and ~-l
compusiw test reaaor elemenu are displayedin ~ure 4 (Lyon 1973). F@e 4 sbws M a-e massbas ra,tau
a function of coolam channel ~ticm for (A) 102 kw=l @la M *U @araU whb M, (B) 12-1
graphhe fuel elemems cad with ZrC, md (C) 23 NF=l cmposim fuel e&mu couad WW K, Tba @a has
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lwn ;Idiusled m rake into accountthe diffemtees in operatinglemperatum lxWn the 2 =CtOrS. The ~- 1 fwl
cirmen~ had coohuu channel surfaceswhich wexecoaud WIIJIciIhCr NW or ~S w~e ~ NF- 1 ~st @JJ1-i~
IUCI WM coaled witi ZrC. Peak mass loss rales m tie mid-band corrosion region, (al low -praOJre) for she
couqwme fuel element wcm 13 m 17 percentlower, dependingon the Pewee-1 fuel elemem &sign eonsiducd. The
high mass !OSSrates observedin the low temperatureregion havc WD ●ttributed to the pmSenCCOf inttid aufxe
cuaung cracksand be difference in CTE’s of tie mating and the fuet subatrafemateYials. Tbe redudoxI in obammi
mass loss rue downuream of the peak rate region (at higher fuel tempaattsre) indieales that the diffaUItial in tk
~oftiec~ng ti~fwlw-~m stititis~~g kbmemtivemti
fuel substrate. This condition tends to clue surface recks which are potential cosT06ioDSite6. Likew@ the
corrosionbyproducts,suchas CH4 and C2H2, in tic hydrogencoolant 86s ~ tie -* of ~ b~
on tie coolantchannelsurface,aswell asm shifting surke mmpoaidon, em reduee the chemical driving potentiat
for corrosion(Koenig 1986, Taub 197S,WaUaee 1991, MdfiUan 1991, Stcmna1992 and Butt 1992).

Composite fuel element mass loss ratea at the hotter, *-- ~~ e~ent Po*O~ ~ * s*~~J’
lower Ihan thosetypicai for the Pewee-1 ekcnts (Figwe 4). Mass 106sobsemai in the high ~ I’6gkXMis
dominakd by the vaporization of it’s elemental material constitutes (Kcdg 1986 Taub 1975, W- l~L
MacMillan 1991, Storms 1992 and Butt 1992), Like tbe mid-band corrosionregion, surface cnating Megrity, and
me chemical composition of the coolant gas and the fuel surf- are major fxtors which Ml- the eomodOn
prtwss m Lhisreg-inn
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h was fuel massI06s observmha like thosejust diseuas6&throughoutthe Rover and ~VA ~gmmh whid
mdlcated to Ihe scientistand engineersst the We that the hydro~encmoaion -s assochtd with ~ ~
fuels IShighly complex and is dlfflcull to quantify fully from I fundamentalviewpoint, In addition to U camplex
chemled ccmosionprocsaa inherentwithaC6fbidahDthydmm g668YOM4 Ok pbyd~ ~
suchasfueUmaIeriai&sign and Mdaiosb nwbar ladialh 6xpWt’e, ad Id CodMt flow WndMotW Wo my
influence the cosroaionpra!est (madcareqmtt~in~ fuel ntau 106s), kauae of h many highly ittuM6164
complex phys,-xl processesutd mechanial de6i8n f- which iaflueu th6 mmsion of NTP _ SYtf6MS,
aecuralefundamentalmo&Un8 of tbe ovmll pfocew isa majw -Be, -y for mated fuel cldgns.



The availability of rclevam experimental dma to bencbmarkcmrosion model(s) is Ihited (Table 4). 11shodcl be
rimed Iha[ Ibis W @ surnmarizal in Table 4, is basedprincipally on open Iisaature on tbe United State’s(US)
pasI experience. l’he University of New Mexico planson consimsingIJsis●ffort by augmendng W data bme with
theRussianexperience. A joint reti and develcpnent effmt bmvam UNM-ISNPS and the RuasiMI~ ad
Dcvclopmem Insthute of Power Engineering (RDIPE) was initiated in the Fall of 1993. Resulfs from this joint
effon WIII be reported al a laserdue.

Subsale tbennocbesnic4 arcjeLand kted tub, single-effects~~a*le4)wv*-~-~-
fundamentalaspecrsof the hydrogen corrosionproms wish carbkle materhb. Many of be ex_tS west
conductedal test (exposure) conditions less demanding than lhose cypidly encoutcmd in an ~ctmal ~
reacux, bsuwere well conuofled. This data is valuable, but kks qumilative hsight inlo someof be fdmcntd
compmng (highly coupled) pmcessa aamcia~ wih hydrogm cmosioa. Ak-gkwfm WPWSlbe
tesu results10operational NTP remxm ccmdifionsbsve not ~ *vebped. This would be 8 dif6CsdStlsk -
of shecomplexity (and coupling) of the many corrosion ~ at work. ThI& be usefulk$s Of Ihix d95ato
benchmark eomosionmodels is highly u-n, but would likely be used as a simting poiDl fOr fususe molding

effor’u.

The dasabase associatedwhb past ~rcb and engine reactor tesrsconlains a weahb of islfossna~ but 1$of a
qurdiuitivenature (Koenig 1986, Finmb 1991 and Taub 1975). MatIy of the quaUtativeobservaWss pslainbg to
fuel corrosionand integrity from he ~totype engine reacmr testsare summarized in Table S. Becausethesetests
wcrc prformed ~ith NTP MCSCKS,at me ~msional conditions.instrumentationmeasuraents, and bdepsdmt

com.rol of reaclor parameterswere limited, Much of ibis expctinsal data kc is of Iitlle use for initial ecwrosion
model venfrcalion, becausesingle cause and effects corresponding10a panicufar carcrsmn p-s is difficult to
deduce. The data associatedwids be NF-1 test is believed to be the best quantitative data available cmlsydTogea
crmcwcm and stmctural performance of NfP fuels at uue ouesational cmdifions (T’aub 197S and LYOO 1973).
Unlmrunatc!y this data b& is limited in tams of quantity, -

TABLE 4. Sourcesof Suppming Data and Li&ature Related to Hydrogen Corrosionof Carb~.

CATEGORY REFERENCES
ResearchReecsoriRototype Finsetb (1991)*, Komig (1986)”, Lyon (1973)”, Taub
Engine Reactor Teats
“ R(WW and NERVA Prom

(1975)m.WaSnW(lW2)@.

SubscaleHydrogeru’Carbi&Maurial Bur@ardt (1%5)= “~(1%5)*, Juvelad et al. (1%3),
Experiments
“ Primarily Based on Arcjet and Heated

M~ (1991)” ‘o(1975)0,Wagner(1992)*,

Tube Experiments (Part of tbe Rover
I

Suppwting Physical Fundamental

=efu$f d RelaM Mamials
~vski et aL9691 Bua (W92), ButI et al. (1993),
Fdov etal (1972), Rim (1%2), Gmm (1959),
mtptw et d. (1960), Lyon (1973)”, Nikohkaya et al.

_ v~. (1%8). Samsmw (1974), sass- (1993)! Stonlss
● Diffusion (1%7, 1992), Noms et d. (1969, 1973L 1973b,
● ThmlM Cductivity 1973c), ToM et al. (1%5), Wallace (1991), WaUaw a
s COern*nt Of~ EXIM* al. (1993).
●

Effectsof IUation O(Carbideand Bokm et aJ.(1991), ~dscl al. (19634 l%3b), Dahl
RelatedMate-s et al. (1%5), D*1 (1966), hkkl et &l. (1%5,
‘ Rissurily B- w, tbe Rdiation 1966), Degd’uev et al, (1987), Freaaetal.(1%1),

Effectsof GraphiteMateiaI Mrsuer (1959), Lyon (1973), N@dstgaIe (1%2 1M4,
Ropcrty RObetuOO(1969), ROeamU et al. (1%7)0, Saym et al.

o Belsavitxof Fuion 140dwts Inch&d (1963), Simmons el al, 0%5), Tayhx u al. (1969),
Taub (1975) ●,

HydrogesIIhmim Kiaedm B@sasdt (1%5)’, Cbl (1%5)”, CM et aI. 0968)”,
“ Almost All Wak HASFoaIs M w Ckke et al, (1967), -ski et al. (1968), Rod-

Hydmgen4arbm (Jsdcal -don et al. (1986)”, San&a (1965).
Syslem

“Highly Applimble LOHydro~aI Corrosionof CarMdesfa Nuck lltermal RoPuUon AppLimMns,
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PasI work on the behavior of fissior products in carbide NW fuels provides some useful insight into issues
pcr[nlnlnc [o fuel ma[erial integrity, solid-solution molecular pmcesscs ~d po~nti~ hY~ogen cofiosion
mechanisms(Rcxxmer el al. 1967 and Bokor el al 1991). Fundamentalout-of-pile (non nuclear) ccmosionreaction
data is also avzulableon related mal.erialsystems,SUCIIashot hydrogenwirb urbon or gmpbite rnalerials (Table 4).
Some of U]is work (Chi 1965, Cbi and Landahl 1968, Burghardt 1965, aud Rogcrs and Sesonske 1986) was
performed a[ me high pressuresand temperaturesof inrcresl 10NT’p Hctor Systems. Indeptb CkWeriZatiOn of
carbon-hydrogenchemicairaction systemsis critid 10tbe fundamerualunderstanding~d modeling Oft& hydrogen
corrosion process. Additionally, general reacux fuel technology data in tbc areas wf nuck.ar radiation effects on
similar materials, basic fuel form designsthatincorporu mataials suchas uranium carbide, carbon, grapkdtGand
high teumerature gas reactor fuel design%is available (labie 4) . These scums of surprdng fundamental data
provides meaningful insight on many of the com@ng physical processeswhich must be considered in the
formulationand validaticz of futurecarhde hydrogencorrosionmcxielingdht(s).

TABLE 5. General PastEngine SystemTesting Obsavadons from Post-Test Inspections.
.

Anolher major ou~tidin~ wclmicat Issue identified in Lbereview addressesthe value of non.nuclmr carbide

lWPE OBSERVATIONS
● In NERVA Program: 1.0 to 0.2 g/minute P Fuel

ElemenL

● Mass loss of 0.2 g/minute per Fuel Element
Fuel Mass Loss Achievedat theEad of the NERVA Ftogram.

● FuodamenralUndemanding on the Impact of Fuel
DesiEnon CorrosionWas LackhR,

● SubstanualCrackin@Minwgradon Coating the
Low KI Medium Tempmture (Mid-&.ial Element
Positions)and Hoi End Regions.

● Substm.ial Fuel Element Coolant Channel Stiaw
SlrucmraUMaterid huegrity Cracking.

● Tbemna.1ConductivityChange+Measured in !.be
High RadiadonFlux (Mid.AMal Eiemcm
Position) Region,

materiaUlydrogen compatib~i[y resling. This issuecould have a major potential impact on material mmpatibi.ljty
[esr.ingcornple~ity andcost, lt_was tb; consensusof a fomm of in~-~onal tcdlni-d spdalists in Lbis‘area tit
the question of nuclear venus non-nuclear material compadbiiiry testing is still an imponanL open ended issue.
~ey also sLamdlhal even if non-nuclearmmerial compatibility testsare mlsidered valid the method of basing sbe
[es[ sample, typically induction or ohmic heating, has produced conflicting resultsin the past (D’yakov 1993 and
Taub 1975), Such conflicting results are likely due to the difference in the tbetmal gradients prduced in a given
material from tie induction and ohmic beating methods. 11is ruommended that a simple, small scale experimen!.a
be Wtiormed at conditionsclose to thoseassociatd with NIP reactor%10addressthis a’itical rcaearebtestingissue.
These experiments could give valuable insight into scaling non-nucl~ test dasa to rusliatlc NTP reactor
environmental conditions, if it is possibleat all.

w~cl UIQMSv

Bued on tie initial findings of this review, it is recommended that future effom focus on: (1) developing a
conosion model tit includesall mqjor interrelated physical process mecbismw peviously diaeusad even if they
aw only included on a first.principle level basi~ (2) w,ytiring fundamental single effect(s) data at rea’J@ , NIT
reactor o~ra~ional conditions, and (3) determining the vtidhy of nonnuclear experimental resk.~ to the
characterizationof carbide material Canpatibiliry with hydrogenin NT’P reuxcxs. The !lrst remmnustdadon would
provide guidanceand direction to tbe prcpMd fundanmtal data @ering expefkntentalprogram in Item 2. Insight
from suchan effort would likely minhnize tbe investmentrequiredto supfmrtsucha testprogram, Tbe experimental
program,in addition to providing dafa to benchmarkamosion models,will corm+hte gwMIy to the undemanding of
tic complex hydrogencomosionphenomena. Ile nonnuclear testingIssuehasbeen identU14 as a separate,near.
term item bemuse of irspotential impact on ustintr complexity andcost,
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A slaning point for any new modeling effon should include initial corrosion praess scoping analysis that
addressescritical issuesin parametric fashion, Possibleissuesto be aMessed include areas such aa be rate of
CWTOSIOIIand surface cracking, and surface coating crack developmentand propagation if ooated fuel dcsi~s are
conwdered. lnilisd modeling effons should also focus on solid-solution U-WC fuel designs becauae of thei?
slmpllclly compaml to coated fuel designs As future modelingefforts evolve mom competing inmelated pbysicaJ
prmessmechanismsand capabilitiesto anal~ ccaplex fuel tk.sigstssbcwldbe in~ into fhemodel.

Once an accurate comosion model is developed and veri.fk& h could be integmted into be Wial NTP aigine
sysum design proocss. The iuveatment required to producea robusLacalrauczwrosionmodeland ~u
opumizalion design capability will likely pay for itself many dmcs over in tesusaOf ~ m@rM SySWS tiefy,
relmbdny. and low development-
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M parucular Dr. Walur Stark.
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