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Preface

In oneof his lastrecordededucationaltelevisionbread-
casts,NobelLaureateRichardFeynmanobservedthatthe
generationof ncwknowledgeisa slow,andoftenpainful,
pruces. This wascertainly true in the Rover Rogram.
Not dy wasour way besetwith uncertaintiesin what
materialsto useandhow to make them,but therewere
qually troublesomequestionsof how to evaluatethe
materialswc had. The therrnidconductivityof Rover
materialsis onc illustration.Iltc 1961 Thcrntophysical
Properties Research Center Handbook, publishedby
PurdueUniversity,showcdthatthereportedvaluesforthe
thermalconductivityof graphite(the materiaI wc used
mostcxtensivclyin Rovcr)atroomtemperaturevariedby
a factorof 10000. It wasclearthatwcdid notknowhow
touniquelycharacterizethematerialswewereusing,and
moreovcrourmeasurementmethodsfor thcrrmdconduc-
tivity were not totally credible. The point to [his is to
emphasizethatthisreportis a judgmentaldistillationof
knowlcdgegainedthroughapproximately75manycarsof

reward. to definematerialsof engineeringviduc,make
thosematerials,andthenverify theirpropertiesthrough
thermophysicalrneasurcmcnts.While detaileddocumen-
tatk n of ‘&meactivitieswouldoccupyseveralvolumes,
wefd thatall theessentialttxhnologicalinformationcan
be transferredby thisreport.

Thc authorreccivcdhis Ph.D. in physicalchemistryin
1952 from the Universityof Rochester.He pcrforrmd
research in materiaIs science and high-temperature
thermophysicaimeasurementsfor the Rover Program
from early 1956 until the program was abandonedin
1973. Largely as a resultof theseresearchefforts,he
receivedthe International~crmal ConductivityAward
in 1989:onlythesixteenthsuchawardinthcpast30years.
This recognitionisa tributeto thevigorouscffortexertcd
by thescientistsandengineersinvolvedin Roveraswell
akarccognitionofthcaccomplishmcntsoftheindividual.
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I W4?EI?IALSCIENCFEXPERIENCEGAINEDFROMTHE
SPACENUCLEARROCKETPROGRAM: INSULATORS

by

PatJlWagner

ABSTRACT

AlthoughRoverreactorsare viewedas the ultimatein high-tcmperahtreoperating
systems,many of the materialsusedin thesereactors(for example,supportrods,
controldrums,andthereflector)have~ beheldat relativelylow tcmpcratumswhile
thercactoroperates,inordertomaintaintheirstructuralintegrity.Thustheinsulators
neededto separatethesetempmure domainsare crucialto the r=tor’s ultimate
operatingtimesandtemperatures.All of thereactorsthatweretestedusedpyrolytic
graphiteastheprimaryinsulator.However,it hadbeenlongplannedto repke the
graphitewith zirconiumcarbideand a lengthyand intensiveeffort to developthe
zirconiumcarbideinsubrs hadbeenmadeat thetimeRoverwasterminated.‘IRis
reportdctailsrcaearch&nddevclopmcntandthcexpericncewegaincdwithboUIthese
insulatormaterials.

I

I L INTRODUCTION

Oncofthcprimary goalsof the1955-1972nuckarrocket
propulsion(Rover) program was the developmentof
reactorscapabkof heatinghydrogentoanextremelyhigh
temperatureto obtain a much higher engine specific
impulsethan the 4M-500 s-:obtainablefrom chemical
rmkeLengines.The Iong-rangegoal for thetemperature
of thenuckarcmginechamberwasapproximatcly3000K,
but short-rangegoalswere more modesLprogressively
increasingfromabout20(M)K to2500K. Nearthecndof
theprogram,averagefuelckmcnt exit-gastemperatures
slightlyabove2500 K weredemonstratedduringreactor
tests.Coupledwith theneedfor high tempmtmreis the
requirementfor a suff~ient enginelifetime toallow it to
performoneor moremissions.Thus,at leasta portion of
thereactorfuel andassociatedcorecomponentsmustbe
able to operateat temperaturesat leastslightly greaur
thanthehydrogcnchambettemperaturesfor 1to IOhours.
On the other hand, the bestmaterialsfor other reactor
componentscan surviveonly at much Iowcxtcm~ra-
tures.Therefm, thereisa ned form insulatingmaterial
in severalreactorlocationsthatcan bothwithstandthe
high-temjmhmhydrogen CllVifOWMtt and sharply re-
duce the heat loaf to the low-temperature eomportemts.
Furthermore,tlw thermalconductivityof the instdafor
shouldbeaslow aspossiblesothattheinsulatordoesnot

takeuptoomuchspace.The progressivedevelopmentof
nuckarwocket-reactorfuel elementsable to operateat
highertemperaturesfor longertimeshaskm described
in severalrunt publications.The purposeof thisreport
is todescribetheaccompanyingdevelopmentsin ktstda-
tors, which are also vital to improvementsin nuclear
engineperformance.

Thesehigh-temperatureinsulatorapplicationsin ROVU
reactorsare shownin Fig. 1. In Fig. la, the insulata
reducestheheatflow to the metJlic componentsof the
coreaxial-supportsystem;in Fig. lb, the insulatorpro-
tectstheaftendof thesupportsystem;andin Fig. Ic, the
insulatorprotectsreactorcomponenfsat theradialcdgeof
thecore.

The useof pyrographite(P@ or PyC for pyrolyticcar-
bon) for the variousinsulatorapplicationsbeganwith
rcactorsbuiltin 1%1 andcontinuedforthedurathnofthe
relMor testprogram.

While thechoiecof ~G as the insulatingmaterialwas
probablyo@mal front !hc standpointof bigh-tempcra-
tttrethcrmophysicalPmpcrtics,neutronics,weigh~tmsL
andcascoffabricationandntachining,thcPyGhadmajor
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flaws for thespacereactor application.The majorprob-
Icm is corrosion.Tlw PyG reactschcmical[ywith the
hydrogenpropellantat high tcmpcraturcsasfollows:

Thus,as the rcactx contin-ucs10operate,the carbonis
rcmovcdfromtheinsulatingPyGandiscithcrrcdcpositcd
al anotherpartof thereactoror exitswith thepropellant
asagas.In addition,atsuffkicntly hightcmpcraturcs,the
layeredPyG structureundcrgwsa changein whichthe
ultimatcrcsnllisthestrucmrcofpolycrystallinc.isotropic
graphite.This is cncrgcticitllythe moststableform of
graphiteand predictablyis found in rmturc.Thus, the
reactoropccatinglifetime was Iimitcd by the Icngthof
timethatthePyGcouldmaintainitsintegrityandfulfill its
insulatingfunction.When thisno longerhappened,the
Iowcrtcmpcraturcmaterialsthathadtin insulatedfrom
thehigh-tcmpcraturcrcactorpanscouldnotwithstandthe
high tcmpcraiurcsand would mch or creep,presaging
uhimmc destructionof lhc rcaclor (this never actually
happened).

To mitiga[c the insulatorcorrosionprob)cm,the Rover
Progrim investigatorssoughtan insulatingmalcrialthm
would bc structurally stable,ncutronidy acccptablc,
and chemically inert in the reactorenvironment.Thc
ma[crialof choicewaszirconiumcarbide,whichfulfilled
manyof thematerialrquircmcns butisnotan insulator.
The successfulresearchprogramto aherthis.natcrkdto
allow it 10be used2s an insulatoris describedin this
summary.

Il. PYROLYllC GRAPH~E

A. Structuremd Properties

Pyrolyticgraphite(alsocalledpyrographitc,pyrocarbon,
PyG, or PyCJisgraphitefabricatedasa Iitycral structure
thatgivesit uniquethcrmophysicalproperties.To under-
standthis.it is importantto understandthestructureand
howi; influencestheproperties.Figures2 and3 showthe
strucwrcsof an idcalimd crystalof pyroly[ic graphite.
Figure2 showsthestructureviewedperpendiculartothe
Iaycrfhncs. The plancsarccompmxl of carbonatomsin
a(wo-dimcnsiormlsetof hexagonswith thecarbonatoms
atthcapcxof thehexagons,asshowninFig.2, bythesolid
Iinc(a). The planeabove(a) isdisplacedasshcwoin Fig.
2 bythedoitcdIinc(b).The nextpliincaboveispositioned
directlyabove{a), thenextabove(b), andsoon. This is
calledan (ab) stackingorder.Figure3 showsan angled
view of the samestrucmrcwith somekcy dimensions
included. In Fig. 3 we can also more easily sec tic
diffcrcncc baween the in-plane carbon-to-carbondis-
tance(] .42A) andtheinter-planar(thisisIabellcdthe“c”
direction)distance(3.35 A).Tbescdifferencesin dtmcn-
3ion.i give rise to the very anisotropic behavior of PyG.
Eccausenf the Cfosenc55of the carbonatomsin the“ab”
direction, the intcrmtractivcforcesand the Iatticc and

electronfieldcouplingarcstrongerthantheyarcbetween
themorcdistantplanesinthe“c”dirtxtion.Bwauscof the
relatively large distancebctwc.cnthe planes,heat flow
(whichisrelatedtotheJau.iceandchxxroniccoupling)in
the“c”directionisgrcatlyrcduccdcomparedtothe’’ab”
direction. ‘ilcrmal conductiviticsin the “c” direction
havr beenmcawmd at l/200th of the value in the%b”
direction.) Similarly the dccrcascin interatomicforce
betwwt !hcplanesmakesfor a thermalexpansionin the
“c” directionaboul 10timesgreaterthanthat in the “ab”
direction.Otherpropertiesarcsimilarlyaffcctcd.Taylor
reportedthe thermalconductivityfor PyG at room [cm-
pcraturcto be 4-8 W/mK maki,,~ it onc of the bcucr
thcrnml insulatorsknown.1The fact thm tic thermal
conductivitydoesn’tchangeby a Iargcfactorat reactor
operatingtcmpcramrcs(2271 K or greater)wouldmake
P@ an almostideal ch[~iccfor a Rover insulatorif the
struclurcandthehydrogencorrosioncould bc controlled.
Therearctwocuvcau10thisstatcmcntrclalingto~hcusc
of thePyGal lcmpcramrcsAovc approximately2273 K,
The idcaiizcd~iystiilstructure that has formed the basis
!or thisdiscussionwill transformintoan isotropic,@y-
crystallirlcsystcmif unconstrainedandkeptat hightcm-
pcraturcfor asufficiently long time. Thispolycrystallinc
graphitecommonlyformsrapidJyat tcmpcratur=in tic
vicinityof 3000 K;however,ithashccnobscrvcdtoform
a: much Iov.)cr lcmpcra[urcs (2000 K), but because the
transformation rate is an exponential funclion of the
tempcrmurc, thepolycrystallinc transformation cantic a
longtimeattheIowcrlcmpcraturc,It isdifficult toassign
quantitativeratesto thisprocessLxxausctherearcother
inllucnccson thecrystallizationprocess.

0. Impfovlng tho SIruc!uroof Pyrographl\o

Under tic correctcircumstances,tic namrcof thc Pm
structuremaybeimprovedbyhigh-tcmpcraturctrcatrncnt
as can be noted from the following excerpt from an
August19d5RovcrProgressRcpM. (Thisworkwasdonc
at about2973 K).

Simultaneousapplicationof compressionand
torsionat high tcrnpcratum has convcrtcda
continuously-nuclcatcdpyrolyticgraphi[c.hav-
ing a well-dcvclopcdfine conestructure,intoa
highiy-orderedgraphitehavingessentially the
interlaycrspacingof an ideal singlecrystaland
vcty high degreeof order in theorientationof
Iayerplancs.Ptiodic rotationaldisoricntations,
however,at intervalsof abouts00 ta I(XIOA,
be nol so far beeneliminated,and rncansof
producing Iargc single crys!als from this
pyrographitchavenotyet beendeveloped?

Similar studiesweredoneby UbMohde in the 1960sin
whichtbeheat=trca(edPyG, coqmssd in the“c”direc-
tion, yieldedvery ~ly perfectcrystals.Withwl tkse
artificial cnnst,mints,however,thePyG will appreciably
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transform10thepolycrystallincformat thetcmpcratufcs
at whichthereactorwasdesignedtoopcratc(2673 K and
up) to the detrimentof tic desirable thcrmophysical
properties.

The othercaveathasto do with thehydrogencorrosion.
The rateof tic reactionof thehydrogenwiththegraphite
isexponentialwith tcmpcraturc.Anextrcmclyroughrufc
of tiumb isa doublingof thereactionra[cforcvcry 10K
risein tcmpcrmwc.Apprcciablccorrosionwasobserved
onsomeRovertestmaterialsat2223K (seePart11.D.of
thissummary).It isclearthala relativelysmall incrcasc

}“~. 2. Stackcdpbaarstmcture of graphite viewcdperpen-
dicuhr to ~heal pknes. SOW fines ( — ) are th~ “a” hytr,
while&shed lines (- - -) are the “b” layer.

in operatingtcmpcra[urccouldhaveanenormouseffect
onlhccorrosionratcoftheiwhtors withaconcommittant

dccrcascintic rcacIor’so~rd[ing Iifctimc. it wasIargcly
bccauseoflhcscproblcmsandpowntialproblcmsthatthc
Roverprogramcrnbarkcd,in the 1960s,on an intensive
studytr identifyinsulatormatcriakhtwmdd rctainthcir
structuralin!cgrityandrcsistanycorrosiveatuwksunder
thcrcactofcnvironmcnlundcroptimizcdWnpmWrcand
flow conditions.
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Fig. 3. Graphite crystalstracture.

Pyrolyticgraphiteis fabricmcdby allowing a hydrocar-
bongas(e.g.mclhanc,cthanc,orcthylcnc)todtxomposc
at clcvatul tcmpcramrcs(pyrolysis)andhavingthecar-
bondepositon a cookd prc-shapedsubstrate.By appro-
priate choice of gas, pressure,tcmpcramrc,etc., the
structureand tic shapeof the vapor-dcpdcd artifact
couldbccontrollcd.While idcalcrystals,likcthatshown
in Fig. 3, arcnotnecessarilyformedduringtic chemical
vapr deposition(CVD) without furlhcr treatment,tic
propertiesof PyG readsin this mannerfor commercial
p-s arccloserto thecrystalpropertiesthantheyzc

10 those of the more commonPolycystallinc-clccuodc
graphi[csmadebycithercxtrusionorby hotpressingd
a..suchwerequiteuscabkfor theRoverreactorapplica-
tions.

AttcmpLs10clad lhc PyG toprct”cnlhydrogencorrosion
wereIargclyunsuccessful.Corrosion-andablation-rcsis-
tamcarboniiccousmaterialstit weredcvclopcdfor the
U.S. spaceprogramprobablyhavebelter corrosion resis-

tance lhan L~cP@ wc have dc.scribed:however, the
corrosionrcsistanacomesat theexpenseof someof tic
more desirablepropctticsof the PyG, suchas the low
thcrmalconductivity.I!istohrmtcdhowcvcr, thalolhcr
carbonaceousmaterialsmaybccomcimporlantin ftmtrc
high-tcmpcrmurcreactorsif someof thescvcrcdimen-
sionalrestrictionsin theRoverdesignsarc relaxed.



C. Es!porlencowtth PyG In the RovorProfJram

Bccauscof the Iargc numberof confusingunitscom-
mordyusedtorcporthcatflow,TableI isincludedtoshow
thercla[ionshipbetweenvarioussystemsof units.The
commerciallyprocuredPyGusedin theRoverprogram
had“c” direction thermal conductivilics comparable to
the vahtiw repmcd for the idealizedmaterialsalready
dcscribcd.As itn cxampk, Table 11(taken from a May
1%9 ProgressReport’) recordsthermalconduclivitics
measuredin theradial(i.e. “c’”)directionon PyG tubes
madefor Rover. The wducsarc comparable10 those
reportedbyTaylor.JThc thcrnxtlcondttctiviticsarcsimi-
larbccmtscofoffsettinginfluencesfromthecrystalstruc-
tureandintcrpkmarcracksthalfmm whenlhctubesarc
coded from WC fabrication [cmpcrat~rc(which is in
cxccssof 1000K). While thecrystalstructureisnol ideal,
tading to incrcasctic thcrrnalconductivityin the “c”
direction,thecrackformationbakmccstheincrcasc.T?Ic
crackstendto tlccrcascthethermalconductivityitt tem-
peraturesbelow aboul 1500 K. Other influencesfrom
impuritiesandmethmicalflawsinthematerialcannotbc
cvaluakdal thistime, butcxpcricnccsuggcsLsstrongly
that theseintlucnccswouldbemuchlesspronouncedthan
thoseobserved.In rctrospmx,more careful and direct
controlof thequalityof tic swucumdandphysicalchar-
ac[crofthumwtufacmrcdar[ifacts(somethingtha~would
befareasiertodonowwiththetoolsavailabletousinthe
1990s)couldyield a productbetterfittedto theultimate
application.

A tlcparturcfrom idealhy is also notedin the mcasurc-
mcntsof thermalexpansionreportedin Augusc1969.

D. pfof)orik)sofPyG

Thermal Expansiono! PyG Tubes. The ther-
mal expansionof W tube..,0.r533-in.o.d. by
1.71-in. longb) lM140-in,thick,wasmeasumd,
The longitudinalexpansionwas !.86 x l&pC
andtic transverseexpansionwas2.40x 1(WC
from20to 1750Y [293 to2023 K], Thesetubes
were similar to [ho.scusedin Pcwec 1 support
clcmcntsand to thoseto be usedin Pmvee2
supportclcmcnLs.

Here, insteadof a “c” to *’a”(i.e., “transverse”to “lorrgi-
tudinid”)thcrnmlcxpimsionratioof about10,ascxpectcd
for theidcalixcdmaterial,theratioisabout1.3.This is
probablycausedby a combinationof crystal im~rfec-
tionsandpartialexfoliationof theIaycrplancsin thetubes
usedfor themeasurcmcm.The crackingbctwccnthe
planesin the tubes(already described)dccrcasesthe
measuredthermalexpansioninthe“c’’dirextionaswcli as
thethermalconductivity.This wasindecdobserwdinthe
tubesandtheexplanationwassupportedbytherctativcly
low dcnsi~icsthat were observed, EffecLsof impttritics
andmechanicalflawsarc minimal for this typeof mea-
surementof averagedthermalexpansion.Again, if it is
importantthat thepropertiesof theartifactbe closer10
ideal,direc[controlof thccrystalstructure(andinthecase
of thetubesorotherspecia!shapes,thephysicatstructure)
will becrucialto thatattcmpt.

The reactionsbetwcmthydrogenand carbonhavebeen
knownandreportedin theopenliteratureformanyyears.
ThiswasmanifestedintheRovcrcxpericncebycorrosion
of PyGbyhydrogencoolant.Mostof Utcstudiesrepoti

ITablcI. ConversionFactorsforTherma]Con~u~~~vjtY
i I

ToGohorn TO ~

i

~ ,% cal -l@- -Btu ~
MultiplyBy cms K m h ‘F fth ‘F ft2 h ‘F

,_JJIl__~r ~ 1 1x 10-2
mzs ‘C 2.388x 10-3 0.8598 0.5778 6.933

~K
&JJI1._or ~ 1 : 102 1 0.2388 85.9(I 57.78 693.3cf# s ‘c cm K

1~ or c&_- 418.68 4.1868 I 360 Z$l.9 2903f-m2 S ‘C
cms K,

1% or= 1.163 1.163X 10-2 2.778X 10-3 1 0.6720 8.(M4

l-or -B$L 1.731
ft2h‘F ft h‘F

1.731x 10”2 4.;34 x 10-3 1.488 1 12

l= 0.1442 1.442x )0-3 3.445x lo~ 0.124 8.333X 10-2 1

L
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imaccclcratcdcowosion andauackatthccdgcsofthc PyG
in the“ab’sdircclion.The implicatiortis thattic carbnn
atomsal theedgesof thecarbonplanesarcmorerlxtctivc
thanthosein theplitnc.A rmsonablcapproachtocontrol-
lingthecorrosionproblcmistoallowtheIaycrplanesto
wraparoundtheedgesof anartifact thus prcscnling only
it “c” direction to the hydrogencorrosion.This wiIs
considereditndreportedin Augustof 1969andisquoted
bclowo

tiyctrogen Corrosiun of Specially Oriented
Pyrographite. Hotgitstestswereperformedto
dcfcrminc the corrosion Icsistanccof pyrolylic
graphite which had been formed iruo shapes
intended to test the corrosion rcsisutnccof
p;rrogmphitcin the “c” direction.Onc type C-
scmblcdthebuttonof a mushroomandtheother
a shear pin completely ovcrcoatcd with
pyrographitc.Corrosionwasnot entirelyuni-
form, butattackscumcd[to] occurmorerapidly
on oncareathanon anolhcr.Exposureof 3 min
to ~ at4500’R [2500K]oftwtrcmovcdcarbon
to a depthof- !OOmilsor more. It isclear that
pyrogriphitcis vulnerableto ~corrosion in the
‘“c”direction m all tcmpcraturcs itbovc 400fPR
[2222K]Y

Inanefforttoblendthedesirablehigh-tcmpmtturcintcg-
ri?y~ Commionpropertiesof ZrC with thccxccllcnt
thcrmophysicaipropertiesof thePyG,ZrC-PyG compos-
iteswerepreparedandthcrrmtldiffusiviticsof thealloys
measured.(Note: thethermalconductivityis theproduct
of thethermaldiffusivity,density,andhcatcapacity.To
a first approximaht, the trendin thcrtnaIdiffusivity is
the.samcasthctrendin thcrnnlconductivity.)Thercsuhs
of thesem~urcmcnts werereportedin Augustof 1968
andarcreproducedhere.

Thermal Diffusivity of ZrC-PyC Composites.
The thermal diffttsivity of four ZIC-pyrolytic
graphite(PyC)compositcs,prcparcdbysimukt-
ncausdepositionby ~] Raytheon[Co.], was
measuredfrom800 to2 IO(F’C[1073to2373 K]
by the laser flash tcchnquc. The composites

contained15,50,70,and80 wt % ZIC, rcspcc-
tivcly.The lhcrmaldiffusivityvahtcsvscompo-
sitionat 1000, 1500, itnd2000”C [1273, 1773,
and 2273 K] arcplottedon a .scmilogarithmic
.scdc[SCCFig.4].

Thereisancxponcntiitlrclittionshipbctwcmtthe
thermaldiffusively,a, andthewt% ZrC in the
ZrC-PyC compusitc.andk = ().(X)36cmz/scc.S

E. Summaryand RecommendatlonsforFuturoUse

OVCrilll,wclearnedsomeIcssons.The assumptionthat
propertiesof PyGcouldbc controfkdby specifying
processingconditionswas certainly WCIIfounded,but
hardlysufficicm.Aswccommcntcdcarlicr,withthevast
vitrictyof analytical techniques available toddy (1991),

spccifica[ionsthal spell ou[ the required structural,physi-
cal, andchemicalpamnctcrsmaybe monitoreddirectly
onproductionrunsof PyG, thusallowingthesematerials
tomoreclc.wlymatchlhccnginccringspecifications(see
Table 111).

Ill. ZrC BASEDINSULATORS

A. overview

It was recognizedearly in the Rover programthat any
matcria!schosenforuscin thehigh-tcmpcraturcregionof
the reactor wouldhaveto rcsislhydrogencorrosionand
radiationdamageand maintaintheir intcgrily while not
interferingwiththereactivityandthccontrolfunctionsin
thcrcactor.lnthccarlicstdayscfthcprogram.R.Schrcibcr
(tic Division Icadcr)and I discuscd thedesirabilityof
findingthatmosbmqmrtant,all-purposematerialwithno
ccgalivccharacteristics,‘“impcrviurn,”that wc bothrc-
mcmbcrcdfrom theBuckRogersfan!asicsof the 1930s.
If wccouldhaveIcgtslatcxlthematerialsfor tic program
rathcrthanbeenforcui 10uscwhatnaturewilled tous,wc
wouldhavcdoneit. Havingnoothcroption,it bccantcthe
pb of the Rover managcntcmto pursueresearchand
devclopmcntonmatcriakthatoffcred thcmosttcmblcsa
of compromisesfor thcjob tobedone.It wasrccogni~
in the 19S0sthatthemosfpromisingmaterialWOUMbe a

Table II. Thermal Conductivityof PyG Sleeves
,

GascQus , Tcmpcraturc TkrnaI Comktivity Tcmpctaturc ThermalCondwivity
Environment

(~~j(} X 10.’ (K) P%nro x 10-3
Hydraen 1366 10.4(uptE!rlimit) 1921 I 1.4(Upua Iimi!)
Helium 1366 8.S-10.1 1921 10.1-11.1

,Nitrogen 1366 6.tL7.2 1921 8.1-8.6
Vact.mm 1366 2.74.9 1921 4.8-6.3
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rcfraxoryzirconiumcompound,probablyanoxideor a
carbide,This washardlystartlingin viewof thecountry’s
power rcaclorcxpericncc,bul eventhatcxpcrkncchad
Iiutc to offer in termsof direct technologytransfer.
Rover’” dcmandscxcedcdall cnginwringpractiec.For
thesereasons,an ever-acccltxating,itt-tfcpthresearch
programwasinitiatedasthelimitofuscftthtcssofthePyG
systcmswasapproachedin the19(W

Figure5 showstheareasofconcentrationandhowthey
finallyculminatedin thevigorousandsuccessfuldcvcl-
opmcntof pxous.sub-stoichiometriczirconiumcarbi&
insulit[ors.

B. Zro,-zrc
Developmentof the ZrC and the ZrC-ZrOt composite
material?;wasspurredby thedesiretorcpktccthePyG in
thePcwecreactors,especiallyinsidetheberylliumrcflcc-
mrat the core periphery (SCCFig. Ic). Variouscomposites
weremade by hot prc~sing the materials at 2073 K and
WlOpsi. Measurcmentsoftherma!conductivityittroom
tcmpmturc arc showninTable iV (reportedI l/69).*

Additional researchyielded therm] conductivitymca-
surcmcntson materialsexposedto varioustcmpcraturcs
upto2773 K (seel’able V).

I /“

...o~
100

Win ZrC-PvrcMkGrtwhitc,wt%

Analysisof heattransf~ in the Pcwcc2 reactorusing
thesecompositesshowedthatthecomposite,whilccffcc-
tivc,wasfar from the rcquircmcnts specified in the engi-
neeringdesign.This is ilhtstratedin Fig. 6.

Measurementswercalsomadctodemonstratetheviabil-
ity of theconceptof increasingtheporosityof theinsula-
tor materials to dcereascthe thcrrrmlconductivity.
IWtsttrcmcntsof thisgenreonZrC at roomtcmpcraturc
arcreproducedinTable V].

The influenceof addedporosityon theinstdatorsintro-
ducedanotherdimensionto the usc of theseceramic
matcriaisbccauscchangesin densityaffectedstrengths,
creepproperties,moduli,andpotentialoperatingcharx-
tcristicsof thereactor,

Once thedecisionwasmadeto operatePcwcc3 with a
coretemperatureof 2573 K or greater,the use of ZrOz-
ZrC compositeswasruledoutandin late 1970thecom-
positesweredroppedfrom considerationas peripheral
insulators.It wasdecidedthatZIC ora ZrC-C composite
in someform would be more appropriate for future re-
search.

c. &c-c
ExperimentswerealsopcrformcdwithZrC-C tocxaminc
itsviabilityasaninsulator.In August1970,ZKJC extru-
sionswithahout5 wl % freecarbonwerereported.Initial
measurcmentsofthesematcrialsrcvealedthatthethermal
conductivitywassubstantiallygreaterthan thatof hot-
prcsscdZrC. The sarnplcswerethenheattreatedin hot
hydrogenandthethermalcmduetivitiesrcmcasurcdwith
the resultthat as the free carbonwas rcmovcdby this
trcatmcnhthethcrmrdconductivitywasrcduccd.Thcsc
dataarcreproducedin Table VII.

The ccmclusionwasrdtd thatZrC would bc a beater
insulatingmaterialif itcontainednofreecarbon.Fttrthcr
experimentsthenconcentratedon ZrC.

D. ZrC

The researchon ZrC startedin earnestin 1971. Ini:ially
thcrewcrcinvcstigationsofthcvarioustherrmd,physical,
andtncchanicaIpropcrticsofZrCmadcatncarthcorctical
densityandwith dclibcratclyintroducedporosity.While
theseeffortswerenotdefinitive, it wasat aboutthistime
thatdiscussionsabout thebcstwaytomeasurcthcthermal
conductivity(artareaof uncertaintyat the time) of the
experimentalinsulatormatcnalsbeganto convcrgcand
thefhshtiiffusivity methodwasadoptedasthcstandard.t
We obtairtcda thesiswritten in oneof the Max Planck
Institutes(Stuttgart)whichwhentranslatedId ustoward
looking carefully at substoichiomctricZrC made with
v~ancics in the carbonlattice bccattscthis alone was
most cffcctivc in dwrcasing the !hcrmal conductivity.
This ncw information.combinedwith the fabricationof
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-1-ableU1. MeasuredPropertiesof PyGProducedfortheRoverHogramcomparedwith Literature
DataforMOIENearlyIdealPyG

Pyc ~nsit
K

Thermal Conductivity ThermalExpwion
(g/cm ) (W/mK) (cm/cmK)

c’
488 “ab” 48t

c’ “ab”
Rover 1.7-1.95 1-5 not done 26 20

Ideiti 1.9-2.05 4-a
I

W1600 1(XI 10

TableIV. ThermalConductivityData

Dcnsily ‘IhcrmalConductivity
Composition

/
8 ~m3 % Thcor. ~w/crttK)

0.017
75VOi%20225 VOl% ~ 4.970 -- 0.018 to0.023
75 VOI% ZrOz 25 VO!% Zr&* 5.394 93.91 0.0155
50 Voi% Zr@ 50 Vol% zr@@ 5.487 90.24 0.026
25VOI%2r0275 VOI% @* 5.362 92.W 0.035

0.273

●CaO-stabili7d Zc02
●*lJnstabjlizcd~2

I I 1 I r I i I I 1 I 1’” I I [ i

lntensivw
Research
Repwted

1

kver ~e~n
TerminatedonZIC

H
-- -—m2-zfc

—Z&c

—x
Porous
SlhstaichhleJk~O

f~. S. MaterhfcInvesti,,atd daring he Rover iasufdtom
program:I%wm.

porousmatcriidswith tic substoichiomcticZIC, (as it
cameto bc known), led to a seriesof cxpcrimcntsanda
redirectedresearchand dcvclopmcntprogramthat had
everyindicationof yieldinga succcssfu]insulatormate-
riaL Unforumtcly, as this was coming to closure.the
RoverprogramwasIcrminatcdandall work in thisarea
Ceased.

E. porous $ubsto+chlomotdcK, tnsdatom

Fortunately,a comprchcnsivcand timely reportcmthis
effort was written and publisM at Los Alamos ‘fhis
report,LA-522$,“Rcsearch, Development,andProduc-
tion of SubstoichiotnctricZircoaium Ctdkk for High-
Tctnperawrc]IISUkltbn,” (holy 1973),WhttC2t by hd

Wagner, is the fihtalptwtkrt of this reporton Row
insulators.



TableV. Effect of Time andTemperature on Hot Pres~ 75:25Vol % ZrQ-ZrCxComposites

RonmTcmp. Room
Tlwlnat Tcmpcraturc

Exposure Time at Conductivity Densily
Tcmpcrahuc Tcmpcraturc

(YLIC) (’/cm )
Micrnswturc

(K) (h) J

2073 0 0.022 . Stxximcnscxtmcd for UD108 hshowed
lfitlc change.hposurc ii flowing Hz for

1 0.011 . 8-16 h .shcnwxtformmionof substoichio-
mctricX.

2573 0 O.mo 5.52 SampkstmwcdsomefOfmaliOn of
SUbStOkhiOmCtfiC~ butIhCmW= iIO

1 0.015 5.29 Cvidmccof Inchingm dimcnsionatchanges.

2 0.0145 5.20

4 0.0198 5.09

8 0.0124 5.24

16 O.au 5.26

2773 0 O.(m . FormedsomesubsmichiomctricZrC.
Pronouncedcvidcmzof nulting with

1 0.0155 . increasedtimeal Iempwattue.

2 0.011 .

8 O.(X)72 .

Ihe sampkscrcatcdat 2073 K showcdadropin conductivityfrom0.022 toO.011W/cm K aftcx1 h suggestinghe
mssibilityofa chcmiat reactionMng phm. The sampk treatedat 2073 K for 16h gavea value of 0.019WkmK
#hichwasapproachingthatof theas-hot-pressedmaterial.Mctalkgraphiccxaminatiatshowedwhatappearedlo be
nmcasedmigrationof ZrC intotheZIQ with incrcasingtimeandkmpaamre. ~ wasnoevidenceOfa skinor
Iurfaccreactionon thesesampks.

ITableVI. Effectof Ihmsityon Thermal
conductivity of Zrc

I
Iknsily I Thumat conductivity J

*3) (%lhecwcticat) (WlcmK) ,
6.43 97.3 0.243
6.18 0.119
4.48 %
4.30 LIKL
4.08 % A 0027s
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TableVII ThermalConductivityof Extruded,Low-DensityZrCBeforeand After Hydrogen

Leachin@

CalculatedThermalConductivity,(W/cmK)

Extruded,I.mw-DcnsilyZrC

Tcmpcraturc Hot-PrcsscdZrCATJ-SGraphite AsRcccivcd H@achcd Leach+ 1hr at 249ti K
95% 71.7% 67.2% 65.8%

(K) lhmr. dens. them.dens. Lhcor.dens. them.dens.

’300 0.20 1.51 0.43 0.05 0,09
500 0.21 1.27 0.38 0.06 0.11
10M) 0.23 0.71 0.28 0.07 0.17
15(M 0.28 0.53 0.25 0.08 0.13
2000 0.32 0.45 093 0.11 0.15
2400 0.36 0.41 0.23 0.15 0.17

Wcat fluxmeasurcdl toc&rusiondirection,i.e., acrossglain.

I I f

)-

7525VOL%zo@c

&, ograpM8Mc&

I I 1
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I

RESEARCH,DEVELOPMENT,AND PRODUCTIONOF SUBSTOICHIOMETRICZIRCONIUM

CARBIDE FOR NIGH-TEMPERATURE INSULATION

by

PaulWagner

AMTRMX

Zirconiumcarbideis a chemicallystable,high-meltingtnatm”alun;qucly
suitedto wtctorapplications.‘lltisreportdcscribcstheresearch,dcvckpmcnt,
fabrication,und ewluacionof porousZrC ●s an insolatorintendedfur uscin
thehi@-wrnpcrature,gaswonkdRow reactors.ZrCx isa stable,sin@-@aac
carbidein the 0.98> x >0.59 region.TIICthermalconductivityof 2!rCXis
verysensitiveto thevacancyconcentrationin thecarbonsublattice(l-x). To
decreasesuffickntly the thcrmakonductivityvalue of ZrC= to makethe
insulator,thecarbon-xirconiumratiowasdecreasedto an optimumvalueand
thethermalconductivitywasdecrcascdfurtherby introducingporosityin the
ZrC= matrix.By thesetcchniqucs,the thermal conductivityof ZrCx at 3J0 K
was dccrcascdfrom SOWm-’ K’ to 1:ssthan1W m-’ K’. Fortyandseventy
pcrccncporosityZrcxwereinvcstiptcdand theirpropcmicsweremcaaurcd.
The productionmaterialwas● 7tW porous fiber-basedZrC= havingaatis-
faceorysrrcngdt.thcrtttalatrcasresistance,insulatingpower,anduniformity.

INTRf)DUCllON

AS the LAMAlamosScientificlaboratory’s (I-ML)
gas-cooledRover reactorprogram pro~csscd,r-ctor
designsutiliainghighertemperatures and longer usctimes
evolved.Early designscmploycdpyrolytic~aphite to
insulatethe thermallyhot fuelclcmcntsfrom thecookr
rcactot.“,~mponcnts,Beauscpyrolyticgraphitercactcd
with the hot hydrogenennmnmcnt, reactorlifctitncs
wereIimiredby the corrosionof rhcinsulators.Interest
was focusedon the substoichiomctricntonoarbidc of
zirconium(ZrCX)asthemorechemicallystableinsulator.
Fabricationdcvclopmcnton this materialresultedin an
cnd productthat wasa satisfactoryinsulator;also,an
insulatorsystemwasgcnerawdwherewade-offscouldbe
madeon chc thermalconductivity,strength,anddensity
of the ZrCx. However,beauscof thestructuralnawc of
the ZrC fiber insulators,ehcy were nor wholly intcs-
dcpcttdcnt.It waspotaiblcto hold thedensityconssant
and yet m vary ihc strength andconductivity.With this

kind of flexibility,the ZrCxsystemcanbc tailoredto a
SC?of spccifiationsin conductivity,strcl~h, density,or
relatedpropertiesuniquein refractorymtcrials.

Of the variousmaterialsconsideredfor the insulator,
the carbidesin theckmcntsof groups4a and 5aarcthe
mostattractive;all of whichexhibithighmeltingpints,
chemicalincrrncssin reducingatmospheres,and a spc-
trum of ncutrcmicpropcrtia. Zirconiumcarbidewas
choscttbccauscit hasthe Iowcstneutroncapturecross
sectionbut it stillretainsthedesiredrefractoryqualities.

UsingZrC to insulatethe hot fuel elcrncntshasone
major drawback:in its theoreticallydensestate,ZrC is
nor an insulator.Thethermalconductivity(~) of ZrC is
aboutSOWni’ K’ at 300K, whereasancffcctitminsula-
tor shouldhavea ~ in tbcvicinityof 1W m-’ K’ or kss.
Thus, dcdoping a ZrC insulatorfur the flows reactors
wasreducedto a fabricationpr~am whereintheprime
f~rc of ma, the Ibcrntalconductivity,was to bc
hnirni=d. Thisw doneby combiningseveraltnctbods.
Firstan undcrsmndingof theeffectsof stoichiomctryon
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Zr(:x propcrricswasgained.Then. by usinganoptimi~,.d
C/Zr ratio, porousarrifactsweremanufacturedwith the
inttmtof increasingthe tortuosityof theheat-flowpath
and of incrmsing the thermal resistance.Of the several
tm-hniqucscmploycdm thefahricatimtinvestigations,the
mosrsttccc.ssiulwasconvertingcarbonfibersdirectlyto
ZrC by reactionwith ZrC14. When the Roverprojectwas
rcrmimtcd, insulxtorunitsof pure ZrCx with thermal
c(mductiviticsIcssthan1W m- K’ werebeingfabricaicxf

Ilur invcsrigatil)nswere cbmplicatcdby the ut~ccr-
tain[yc)fwhcrhcror not A mcasurcrncntscouldbc rmtlc
xccumtclyon theveryporousmxtcrials,For thisrmson,
wrmusaspctlsof thermal.conductivitymcasurctrwntsand
xnalyscsarc m csscntiaipart O( the insulatordevelop
mcnt.

Il. PROPERTIESOF SUBSTOIC}{l(’)METRICZrC

The fiw[ stepin the ZrCInsulatordcvcltspmcntwasto
definethe effectsof structureof the suhstoichiorrwric
ZrCx on the thermal.conductivityand associatedprop-
crrics..Sotncworkhadbccrtdonein thisarca:thowever,
kqc gapsexistedin rhcavailableinformation.WCmade
3P effort to g:ncratcself-umsistcntinformation!hat
woulddctrwnstmtrunambiguouslythedcpcndcncc(If rhc
thwm~lctmductivic}(m theZrCxstructurein thenwno-
phascqh (().9tt> x> 0.59). Similarwork wasdmw
wirh NbCx pardy bc~JuscNhCx hasmanyof rhcprop-
ertiesthat make2rCx so attractiveant!partlyco~id in
intcrprcringtheZrCxrcsuhs.

Thesercscarchcsconsistedof a~roupof mcasurcrncnts
done In; carefullymade and charamcrizcdfimplcs of
single-phaseZrCx. Dcraifsof themcthmfsusd for sampfc
prcparat:on,samplecharacterization.thermal-diffusivity
mcasurcrncnts,dcnsit}”determinations,porosicycrJrrcc-
tions(for nearlythcorctit.rllydensesampks),h~t capac-
ity estimation.electricalrcsistivitymcasurcmcnts,and
impurityinflucrsccsarcgivenin AppendixA.

The data on the effectoi’ C/2!ratom ratio on A at
300K arcsummarizedin Fig. 1.The crystalstruaurcof
both ZrC and MC arcof the rock-ah rypc (type B 1,
face-ccctcrrx!cubic).The metaland the carbonatoms
form intcrl,jckingface.ccntcrcdcubic s*JbfatCiccs,The
zirconium;ubl~t[iccis stableonly whenail the lattice
siresarcI)ccupicd,but theZrCx isstablewhenthereare
vacancic~m the t~rbon sublatticcand when the sub”
stoichiqttcrricarbidc is formed.Tbc changein ~ showst
in I;ig.1 wascausedby anincreasein thevacancyconcctv
wationin the carbonattblatticc;theeffectof impuntics
such u oxygen. nitrogen,and sulfur is minimal (for
dctak sccAppendixA). A similardcpmtdenccof A on the
cartwr-to-mrralwio wasobscrvcslin NbC.

I’;g.1.
L’fftct of WIicbiornmy ott rbcrmrt rwductivity in
zrcx.

Thedaa in Fig. I andtheclccrricalrcsissivitymeasure-
mentsmadeat 3(M)K on thesesamplesshowthatabout
37%of [hc thcrrnalmcrgyiscarriedby clccrronsandthe
other6J% is tarriedb}. latticewaves(phonons).If rmc
csttmatcsthat. basedon the purematerial,a 1% increase
in the vacancyconccntr~IIt!n doubks the electricalre-
sistivity,.bscrvcdft~ra varietyof metalssuchascopper.
zinc. and aluminum)and if rhc phonortscatteringis
proportionalCIJthe“kquarcroot of the’defectcomwrtra-
riwr,1 then the very sharpdcpcodcnccof h on CJZrk
undcrstandabk,The ctcctrwticcomponentof thethctmal
conductivityisrelatedto theelectricalrcsistivityby

h ,x ,
ctectronicPR

whereT = tcmp-turc: pa - mixivity, Am n and
L = l~)rcnz fun~ion, 2.45x ]~a V2 ~z. For~/~: = ().9,

that i... for a vaancy conccmrationof 10%in thecarbon
suhlatticc, the abnvetypc calculationPredictsa
X= 12W m-t K’, whichisveryclosero thevalueShOWn

in Fig. 1. Thebehaviorof thethermalcmtductivit}”with
tcmpcraturcis alsocmrsistcntwiththismechanism.The
high-temperaturerncasurcmcntsreportedin Rcfs.3and4
show a monotonic incrcascin A with wmpcraturc.
Rccauscrhcscthcasurcntcntsarc rnadgat’ tcmpcrattrrcs
thatexcccdthe’Debye tcmpcnttsrc.the phwtoncontr-
ibutionwill decreasem the reciprocalof the absolute
mtnpcrature,but thebehaviorof the.elcctricalrcsimivity
indicatesthat a simultsnwnssfilhtg of the conduction
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band occurswirh suffictenrmagnitudeto causeG nrt
incrcascin A.Thisinc?eascwasconfirmedby ohscrvations

madeAt 1.AS1,Swherethe dmxronictomponcntof the
;oral thermalcondtscrlvityincreasedto abouI 75% ar
rcntpcraturc$AWC 15SMJK.

NM” acts$Imilarl!;.I X: &Spl~cftte(1iffcrcnccin the

bandsrructurcI)f the two materials.This is a powerful
indicatmn chat the mechanisticdcscrlptit~nnf the
behavior~~ftheconducrivit>.isrcalisttu.

Rtsmi;tcthta’ irrdicatcthat the !Incnr ~,jcf(icicnt
thcrmajexpansion((nF.) isnrxrly tonstantwithsr(t!chi.
omctry.‘rk ft,;lt)wingCITiswwcrcptmtcJ

Composition (XE (K ‘ ).— .——.

Zr{:l,o 6.57x 10-6
ZrCQW 6.62X 1(~6
Zr(:,,.m 6.66 x It-f”
ZrC+.7$ 6.7(Jx 10-6
ZrC4.A$ 6.75X Ifi’

. ... ................................. ..
NOIC.(: ‘. avwqrtlfnm J(hlKIO1273N.

Ilt. FABRICATION METt{ODS FOR POROUSZrC

!$cvcralmcthndtwcccusedconmnufmurcpor(wsZr(I
dtmng the dcvchIprncrtIprogram.Thesemcthmh arc
indic-atcdin ‘rablc1.In additiont{>themethodslistedin
Table 1. fabric,papers.carboqizcdbodies,andextruded
carbons and graphitescanalsobe convcrtcdmm porous
ZrC A combinationof ~hcscmethodscartatsobc used.
Thetablegivestboscmethodsthatprowd mostpromising
for theRoverapplicatiorw

Ilot-pressingtechniquesmaybc ~ppticdhy usingpure
7XCat sufficicnt]yelevatedtcmpcraturcsand prcwurcs.

Tu achicvcdesiredporositics,most {A the hl)t.pressing
work wastfnncwith mixturesof ZrC, zrO~. Kar}ji>nIj;
son;- f(wfil,anda varictvof pore-fcwmcrs,suchasTeflon.
Exccs.scarbonWASrcmuvcdby reactionwithhIII hydrt,
gcn([eAching).Thereisancndks varietyof rJw,ttatcri;~l>
from whichporous7rC canbc madet,>.usingthisrcch-
niquc.The tmai productisstrongamJtheptmrsitymay
IX ctmrrillkdb} J comi;inxtitmof thematcrjllfllrrnulJ-
ttonand thr pressingpressures,One Wcstingh~~usrhtro-
nuclcar l.Ib( fatlq’ ZrC rnadc hy this tncIIK+lhad
P = 55%, A = 2 W m ‘K’, u = 13.tfMP: xnd E =
13.8(;Pa.Thishm.prcssi~methodwasusedto fabricafc
parts used in LASI,”SNtmlca,I;urnlcc Nn. 2 iNF.2),
however,spccificarlc~nsother thnr rhcrmalomdu(
;ivirvhadto bemetfor thisapp,

The fiber impregnationmci ; tsscdby [he
hfcfknrwll Dnugla$Astronautic. Iy Im&r txm-
tr~ct co the ?iatkmalSpace . 3113$5 and space
Adminisrratmn((lmtr~ct N I. SWC-(17).”In thistttcdtd,
wnt.cnfibermadeof ctrb{mtwof carbtmpmcwrsnrmate.
riafsbvatsoakedin a ~rfN~j )4 Sohstims.whichformed
M: whenhcatd, Thtsprocesscouldbeqw~tcd asoftet)
as desiredtll build the dcnsttyup co dtc dcsirctitduc,
.Mcxsurcmcnlsof Af)ll thcwmaterialsarcrepottedtn be
3S !IIW as 0.5W ni ‘ K‘ , however,IJ4SI. restsproved
unccrrainbccauscrclatlvc!yhtp amountsof ~dttal
carbonfibersweref!mnd to existin thepwpnrted zrt:
rnarrix.The techniqueISmwactivcbecauseof thepoten-
tialcontr,llof thegcommrwwructurcof theZr(: fitmuf
phsc.

Dircc%reactionof tarbon “or graphitehodies~i:h
ZrCJ4gasItsytctdZrC waswicdby usingbs&w cmbon

TABLE I

PAttRtCATIONMETNODSFOR IWROUS ZrC

Portssity MisdmttrttTWcntal
Rae 300KComsktWy

Method

thstqmssing
Extrusion
Fiberimprcgnatiors
Carbospttcrcs+ ZrC14
gas

Carbonfoam+ 7fi4
gas

Carbonftbcrs● Zfi”i~
gas

rkj (wm“’K’) - cottt8tettts

0:70 3.0 Won#
Zoso 3.0 Strong
1$60 (J.5 Pkxtbk tedusiqtsc

80 0.8 !$bwprncess



sphcrt”s(carbosphcrcs)thatwerebordrd togcrhcrwitha
pd}”furfurd xk)b(d binder, wing tathon foam and
UJ;!HIII fibcrw‘l<hcurbosphcrcsandfmtms~rcrelatively
impcrmcabkKUthe wlctingg~cand, M a t-nrtscqucncc.
the rcmzmrttirncsrcquwcdi~v convcrwt)narccxwemcIy
j,,ngin ctmtp.ttistwjwi!h th,lscfor thefibersystcms.“f’hc

inrcrlcwkcd$pfh”rcsin Ihc Zr(~ varhosphcrt”swct!cd J
slr(v~~rtmtcrul, xml thr point contactsbctwccnthe
sphcnwpr(widcdan cf(c~:tivcthermalresistancefur a X
(MM)ii) =O.ltW in” h-. “Ilwcarhnn-toarnsvsrcrnsuffers
from the .-MC dc[itiicncwsxs the carhqthcrcscxcqt
ih.ttJ highV.IIUCOdNm.i}.bccxpcctcdfor J f~lamMJICx.
In pJrticular.J trial rcstn,)f the 72%ptm~u$Zr(: made
frttmf,um }ichfct{X(JO(JK} = 5 W m-tK-t ,,r higher,the
m~dulusIjf rupturtiWM I(}.5MP.I.rhc cl~ttlr modulus
w.rs14.9(;P.s,andIhc.svcrxgcstraintttf;tdurrwasJlmut
0.U7%.1[ttmktcntlmcshmgcrto fabric.ttcIIIISnt,llcrlal
than tt did tt?fJhricJtcthe c;trl}t~n-fihcrt!”~rcmtI}! :bc
wmcmaw.

The cxcruwtwmcth,xlsusedf,w pottiusZrC andtht
mrhon ihcr-gasccmvcrsicmto 7.rCwerethemostsuctcss
id rcchntqumcrnphycd.ihIIksystcrnswereimportantro
rhc I{ot:crmwl.tt,wprogr.trnantiarctfiwtsscdscpar.atcly
ICrhtcrcpwr

A. Thcrmai.Cwmhtctrnty$lcasurcmcnctat 300K

Aith~mghthe ttrcmnaltcmtltrctivlt?.(X) of rhcpnrtsus
Zr(; tnwriJtlwswa~ (hcprtmrfigurenf merit.disparitiesin
eJriy~ rcsuimandtheuncrrrmty abotnwbcthcror mJI

rrattstcnttncthodstiould he ‘succctsfuiiyappiicd to
systcmsof 40%voidstimuia~csfa ngurwuseffortIUdefine
rhc accuracy.the rcprttducd~iiny(usinga vartmyof
mcthotis).and Ihc Prctworrof the mcasurcrncrmThe

ducihility of rhcthcrmJ1.t.(lnclut.tivit}.nwmmvncntq‘The

ncuw.rrydcfcrccI)f JLI”UfJ(}’.
Three mvcuq!at(wsmcJ<urcdthe nuun :cmprr.aurc

thcrmaicrmducrlvit}..~ndthcrmaidifiuswityof fnur Zrt:
c.wrusinns.t”\Wrctc”ptmtibic.I;lcntlti.dstmpkstvcrcustd
10 4)iJt4tn~.haractcrisli~-ci.tt4for pr(dutitilm m.41crIals
( i.oIs4S58,.$S7$.4706,4742)and*WT1C8tJtl$IlM(mrhC
rcprtnluclinlityt~fthemcJsurcmcnt*mmlci}} thed~ffcr,
cnt invtwrigat(ws.Thesedarn.c~?mpdcdIn T.ddcII, thtv.v

f).t ~fpJ Jttd4t If) ibpJ). hChUM,JtSd Jlr JtldW“CrCClJr.
rctitcdfur the r~mvc~twchr.lt I(m-. Ali rhcscdArJ.wc
sh,twnin Tzhic tl. in gcncrJi.therewerenn crmtradir-
twrw in thr mcaturrrncnts.if umpics td idcnticai
rtutctids(hut not :dcnlic~iwmfrics)wereused,t.ariJtiuns
m themvcsrlgatmsrcwdrswnrtdcxcccdthe BO%prccisism
dcmonstratctifor the mcmsrcntcrtts.it t%inferredfrom
his thatthevmlilih!y m Ihclcmatcrdufromonepnint

trrcrncrtw.
The third sIcpin vcr!fyingthe mcrhodsu$ctiwasto

make a dwcctcO>mparmm;~f the fcWh$ fq)tJt!tCdby
uca+”+tarctcchniqumwwhthoseclimmcdby wansrcru
rrwhodson idcntit-aisarnpksof theporousZr(t in qrxs.
tissn.The thcrmi crmducrt’ntyof J W% pmnttsZrC
sampicwas ntcautrcdnear room rcmpcraturcusingan
arruhflow, Ucady+atc compart.son.A dclaiicddcscrip
tiortO( thisapparatusisgivenm ttcf.9. Thac nscasurc.
mcntswere ;~;mpared&h thstscmadeby the f?dt.
difksivity rrtctbndon sampicsusedfor the wcadptate

II ~ ,~lts SSfthc~ in~tigasit’m arentcastrmmcnts.
sunttttsrimdmy bncflv asMbws.
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TARLE 1!

COMPILATIONOF IMERMAL CONDUCTIVITIESOB’TAINI?DAT LASL
ON CONTROLLED SAMPLESW 4(YKIPOKOUS,EXTKUIM!D ZrC

ALL DATA IN Win”’K-l IINI”I%

Sibbitt’s
Sxmn Condition RCSIIIIS

4706 NF. I production 4.6(2 dcr)
marrrial. 4,4 (2 (Ict)
Lcachcd 4.5(2 dcc)

4706 I.ciwhctl

455sZr-1 Leached

4.+{2 dct)
47 (7 k)

4.5 (2 l!ct)
3.7 mean
4,9 max

(9 kt)

4574Zr-2 Lcachcd 3.4nwm
3.7max

(5 dcr)

47,42Zr-1 !.rachcd 4.2mean
4.5max

(8 da)

Wagner’s
Rcsultc..— —-

.-. .——.—— -

‘AI 0.1 MPa (1 urn)

!$mrnpk TCtnp Conductivity
Mclhod (kkrrtacion (K} Win-tK_’

—. —— — ——

Steadystate Parxllelto 380 43
cxtrra.sion
axi$

Transient Parxltclco 295 6.2
(flsthdif. extrusion
fusivity) axis

Theindcurmtn“ sccerrorisestimated10be “lO% for dtc
stcady+tstcmults and *s% for the flash-difftnivityrc~
Wlfs.

Morrison’sResults—.. . ..—.-.. -—. . .———— .—
Air—

.

4.7
m---
4,6
4.4
4.3

..

..

..

-.

Ifelium——

4.3
4.3
..

. .

..

Argon——

4.9—-.

4.1
.

-.
-.

.

..

Argona

.-

..
4.f)

4.4
4.1
4.4
..

..

..

..

It isckar from theprcccdingthat the 1 tncasuicmcms
reportedhereoccupya veryhighconfidencelevel.Of the
wsriousrcchniqucscntpfoycdthirst this project.all but
MC gavesccuratcandwlf-consisrcntanswcm.Thccxccp-
tion wxsthe cfilora mcthwfwhichgaveself-consistent
results,but the answerswereinvariablylower:IISr ii
~hmolj me “Ccmity for prrkllg ~hc ‘“~!i(t’”‘ +r

mmaurcmcrmupon whict (.1$ifc (It ;ilpml’ : , .,#

gramisb=d cmmotbeover-,nphasixmf.

B. ThcrnsdCondttcrivity Mcsauretttcnts●t Elevated
Tetnpemturca

The qtmtions concerning~hcvahdityof Ihe h mcas-
“xrcmcntsat 300E alsoexistedfcxtncasurctncnt, of 40%



pcrousZrC materialsat elevatedtemperatures.f,)ncof the
firstgr(mpsof expcrimcrttswaspcfiormcdto demonstr~tc
thercproducibiliryof thechangeof thethermalconduce

13sa~plc~fromdiffcr-tivity with incrczting wnpmturc.

C,N cxtrusiort lots,but with nominally similar propcrtids.
increasedin A asthe tcrnpcraturcW* increasedfrom 300
to 2600K. In vacuum,A(2600K)/~(300K) wasapproxi.

matcly2.75 for all the extrudedmatcrial$studied.The
rdiabilityof thetransientlaserflashdiffusivitytcchniquc
for clcvatcdtcmpcr.~turcmcasurcmcmsusingporousZrt;
tvJstfcmonstratctfby scrttlingsamples,measuredat I.ASI.
by [hismethod,t{} the‘slrcrm(l.PhysicalPropcrticzMc.Is.
urcmcnt FJcility, Sandia l~boratorics (Alhuqtturquc.
S01), for the sametype mcasurcmcnts.“I”hcI.ASI. and
Sandi.1resultswerein cxccllutt,tgrccmcnt.” The final
step in [hc cxpcrimcncalA(T) programwxsrc~rnakc
mvxsurcmcntst~f a~T) u~ingz r;dial hcm ?hv, wcidy.
state mcssurcmcnt(m ltm W% PortmsZKI. All them”
A(l”) rcmtltsS~’4s’5arcthownin Fig. 2. l~tgurc2 shilws
thxtnhhoughdetailsfrom thestcady%t.t:cmcasurcrncnts
arc not avail:l)lc below 1300 K. excludingA(300K). in
rcgiom of ovcrlapptttgtcmpcraturcthere is I,ttlc to
ch~>{ncbctwccnthe rcwtltsobtainedfrom the flash.
dtffusiwi[ymc~surcmcntsand rhoscoht..incdfrom the
stcady+tatccxpcrimcrrrs.T?tccrrtlr.estimatebandsshown
in B“ig.2 impiy rhat high.tcmpcraturcresultsof X mtas-
urcmcntsarcvwydifficultto makewiththesamelevelcd
cxmfidcnccasthosercpurtcdfnr WI K.

~ ModelingpOrOUS~d

fhiginally.t!rctnsula!orwasto he usedin ancnvirorv
mcntof high.prcssu-chydrogen.but hccauscno facility
cxistcdfor makingX(T) nscasurcmcntsm thiscwiron.
mcnt.it wasncccssarym rnndclthe~wsusZrCusCXICU.
he X(T) for the rcaeturapplications.if wcpos:datcthat

Fig.2.
7.bmncl condtdvitits 0[ 4(3%porrm Zrf: sbotvnm
48~unctiomnf Icmpcroturt.

thepnrousZr(: consistsof rhrccphases,tmcactmtinttmts
mat:ixof the ZrC, onc a discontinuousphase(of fixcd-
bcd), and onea voidsrructurc.it is possiblem calcutatc
someof IIICsystemproperties,Thi! wasdonefor cxtrw
siunlot No. 4706b}. utilizingpublisheddatafor A(T)td
continuousZrC3.4andpredicting,from engineeringprin-
ciples,rhcconductivityof thefixed-hcdphase.The void
structurewaspostulatedm he isometricandcakulations
were made for two pore sizes. The resultsof these
studiesJrcsummarizedin l~ig,3.1IcrcthecalculatedA[T)
ist.~~mpmddirccttywiththemeasuredA(T) for thesame
matcri~lM thatusedIt$rthemodeling.The agrccmcntis
quitegtNM!.Notethesharpupturnof then~asurcdvalues
t-wnparrdwiththecalculatedvaIucsfor t!tcthermalcon.
ductivit!.at highertcmpcraturcs.This is prhbly xwoci-
atcd with the difficulty in charac(criztngthe void
gci,mctr}..,~ };hotitm:cr,~raphof theW% voidextruded
Zr(: is inclutlcd(Fig, 4) rn ilhtwratcthispnint.It is!ikcly
th4tthept~wulatcdvoidstructuregivesasmallerradiation
heattrandcrc(mqwncntthan actuallvnotedin thq cx-
pcrimcnrs.

D. FactorsWhichIrsflucncctheThmtrtafConductivity

!kctmn It rcpwtsthe cffceto~fvac.u:ic~ in lowering
Ihe thcrmal-c~>nductit”lc}..The intr(ducrnm of the
porosity.asin theW% porousZrC.wasalwja IJrgcstep
forwardin dccrtwingthe heat-wtdwting powerof the

‘“I—————71

Mwsuq rot

Colculo?cd ,0 ‘b)
/“

1 I

PofcSlrc

[0) Q4sfo%~1[b)●I9Id%i
L+.AJ
200 300 tm 2000 a“”

Temperofure(K )

Fig. J.
Thermal cunduk’titritits us tcmptnsture for 40%
porous Zr(... (..ovrp~risnnnj rxpnirntwr witb woks
cdctrhttdfor two pnrositics.
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I:ig.4.
Ph,,t,)ml(mgr@ of 60% Jcnw <xtrwfrd Zn” (I SOX).

inwdaror.ThcwtwofJcrorsoperatein parallel;thcrcfurc, \lcrr. R is the thermalrcsisIJncc and IS equal10 A-1.
the inwtlarorsystemmaybegeneralizedby chcfallowing ‘~acmrstha:mflucnccA fallirro onet}f the ca[eg~wic~tm
formula(Matthic~n”sRule). theRIIS ~Jthequation, andwillbediscussedscparat+,

RM8~r,x:The effect of vacancieshas alreadybeen
R Told =‘Mswix0Rvores* RIagetfscm disct;ssctl.h hasbeendemonstratedrharoptimizingthe

(YZr rario ~andecreaseA by 3 to 4 times” even in the

~j



44)%void ZrC. Chafili‘areportedthatwhentheC/Zr rstin
is greaterchanone, that is, when (he phaselimit is
cxcccdcdand the ZrC containsexcesscarbon,A OMy
increasesharply.This conclusionisneitherconfirmednor
deniedin the workdoneat LASL. It hasbeenconfirmed
that the incroducrionof nitrogenor oxygenat elcvarcd
tcmpcrartrrcswill clcvatcrhc rhcrmalconductivity. In
this ctsc,the nxygcnor nirrogcnacornsoccupyvac~ncv
sitesin the wbon sublatticc;rhc effectin elevating~ is
nor as!argcasif ttwsiteswereoccupiedby cmbonatoms,
but i; isconsiderable.I:fv example,Zr~w (40%porous)
whenexposedto nitrogenat 1773K for 23.4ks(6”1/2 h)
untfcrwcruan unambiguousincrcmcin X of a factorof 2

19orgrc~tcr.
RPorc$:Introducingporositywill increasethethermal

resistanceof a systemunlessthe X contributionfrom
r.tdiation ur front ctmtaincdgitscsis in[rinsiu;iy greater
than that of the matrix.“rosomedegreethisisattribut.
abk to the increasein t},c tortuosityof the heat-flow
path.Thc shapeof thepores.aswellastheiramccnwa.
Cinn.influencesthe increasein twtuosity.For example,
poresshapedlike plateletswith their largestdimensions

normal to thedirectionof theflowof heatwouldCXJSCa
greaterimpcdanccthanwouldporesorientedso thatthe
long dimensionwasparallelco the hcat410wpath. Par
thisreason,it is not pmsibk to correlatepropertieswrch
as the thermalconductivitywith the densitiesof the
manufacturedZrC withoutcompletelychactctcrizingihc
concentration,structure,anddiswibutionof theincluded
voids. Figure4 cmphasimsthe difficulty in doingthis.
Similarcomplicationsarisewhenanalyzingtheinfluences
of gaseousconductionin the poresandwhen(.onsidcring
radiationheattransport.

Rlnterf~ce$:The dcgrccof intimacyof contactwill
definetheabilityof theinterfaceto carry[heheat.It has
beendcrnonstratcdthatthethermaltransportmccharrism
is by phrmonsand electronsand any disruptionof the
Pc;iodicityof the Iatticc(gnin boundaries,crystallite
interfaces,etc.) will increasethe thcrrrnl impedance.
Lwgc parttclcswould havc rctativclylargemassesof
rtuwix and fewintercrystallincjunmionsand wouldbe
expectedto demonstraterelativelyhigh t?tcrmalimpcd-
arrccs.Mixingparticleswith a widerangeof sizeswoukf
increasethenumberof interconnectionsbetweenparticles
witha relativelysmallincreasein totalmass,rhusdecreas-
ing the net thermalresistance.Theseeffectshavebeen
observedin tttc40% porousZSC This point ismadein
Sec.IV.C: by varyingfhc tclationshipbetweenthecon-
tinuousirtacrixand tire fixedbed, the thermalcottduc=
tivityntaybevaried.

.
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E, Propertiesof theProductionPorousZrC

Room-tcrnpcraturc(hcrmalc(mductiviticsweremeas-
uredon samplestakenfroma largeproductionrun.The
wmplcmaterialswerenominally3%. porous,extruded,
IcachcdZrC microstatesc(dlc~:ivclylabclcdLot 4887.
The m~tcrial was singlephase,wichno freecarbnn,and
with a C/Zr = 0.96 (i.e., Zr(:o,w), Mmsurcmcntsof
A(300K) wered,mc t~tlWI wmplcs.zo‘]”hcresultsarc
displa}.cdin Fig. 5 whereIhcmcamrcdrhcrm.dcont.iuc-
tiviticsarc ph~rtctl@nsr the frcqtjcncy~~fthe appear-
anceof A. tabulatedin0.1 W m- K-’ units.TheaverageA
for all M sJmplcsis 6.8 W m-t K-s with a standarddevia-
tion (u) of 1W m-: K-1. Eighty-fourof the88dctcrmirla-
tionsf~ll withinthe95?0limit (t 20). IIcnsitictaveraged
4.itJMgm-” (4.10g cm-’) with a s!andartlt!cviationof
0.13,Mgm-. Three of the Axjvc spct-imcnswcr=mb.
Jcctedto hydrogenat 2575K, aI a pressureof 3.1MPa
(450psJ)for 3.6ksin an cfflwtto leachox w)mcof the
arbcm.17At the crmclusionof rhccxpcrimcnttheCXZr
had decreasedfrom 0.96 to 0.86 and Ihcaverage~f the
~(jotl K) was3.4W m-’ K_’.

,\fcSurcmcnts~dc on thelinearthermalexpansionnf
the40%porousextrudedZrC yieldedresultsidenticalto
choselistedin Sec. II of this rcpart. As expected,the
pwosit}”had no significanteffecton the ~E. hide
additionalworkwasdortcin thisareabecauseengineering
informationcouldbe takenfromthentcasurcmcmsmade
rmrhcdensematerial.

n
1! n

TMfmolCodwchmffIwm%”’)

Fig. 5.
Frgqtrency distribution fw thcrnrwl-cotrductivity
mrrrcments o~poronsZrc imtlblm porn NF”2
production run (Lot 4887Zr).



Nccauscuf the minimalstrengthrequirementsplaced
upon the insulatorsusedin the reactorsassociatedwith
theRoverprogram,littleeffortwascxpcndcdin thisarea.
Smncexploratorywork was&mc2’un the comprcssjvc
strengthprupcrticsof the extrudedZrC and the results
arcshownin TableIll.

During the curnscuf the high”wmpcrarurc.steady”
state,thermal-t.t)nductititymmsurcments,ssurpriwngly
high-tcmpcrsturcgradientswereattai:mt!.and survived,
b!, the testspccimcnFor a longhollowuylindcr,resist.
Jncchc~tcdA cuolcdby ratfi~ciunun IISuurcrsurface,
the maximumtul,,ilcstrainsoccuron the outersurface
andarcgivenby

where6,1and Cz arcthe maximumrcnsilcstrainsin the
azimurhaland axial directions,u is rhc instan~~ncous
coefficientt~fthermalexpansionat tcmpcraturc“~,T is
the mcm tcmpcraturcof the cylinder,and Tmin is the
minimumtcmpcr.lrurcwhichoccursat theouterwall.

If thethcrmaiconductivityandthepowerdensityarc
constantacrossthe wafl uf the spccimcn,thcrt.the
quantity (T - Tmin) car! hc rclarcdto !he rncasurcd
quantity‘lmax- Tminby thefdowing cquatimt.

13 a i’n a
;-:a ~-..

I - Trot,, - 3’-———— =-
T - Tm,n 1- a sa ffna .

max

whc:ca is thesqaarcof the ratioof outer.ndiusto inner
radius.

The M: extrusionusedsurtivcdtcmpcrawrrcgradients
as high AS 150K at the higher tcmpcraturcs.which

SOMECOMPRESSIVEDt!tKIRWTtONAMDSTRI!NG?!l
PROPERTIESIW’POltt)US.l!XTRUDt!DZrC

-#c%y+ -P#u” $SIC- nctormxtlonIcace
(MPw (Id’-- ——— —

d 1673
wd 277s

2779
s 217S
34: 167J
34 277S
Mb
~,h

277S
277s

7.0
0.7
2.1
7.0
7.0
0.7
2.1
7.0

0
O,(KU
0.0167
0.0ss6
o
0
O.mzn
0.0194

‘Orientedparallelw thecxttusionSXU.Uttitnacswength●t
200K. t23MPa.

boricnrcdprpcnditularmItw●xmminnaxis.UMMXWstrength
at 3tMK. 1S6.Mh.

currcspundsm a strainof 0.1%thatwassurvivedIq’ tltc
specimen.This is surprisinglyhigh for a brittlematerial
suchas Xr(: and suggeststhat crccpand/vr plasticflow

LWIIrclicvcthermalstressesin thismaterialathightcmpcr-
aturcs.

F. RcacturPcrfurntanccuf tftcPuruusExwudcdZrC

Two of the49 cclkin IAS[,’S NuclearI:urnzccNo. I
usctfZrC in theinrcr.wiccsbctwccnthe fuelclcmcntand
the water.cdccfA wall(theotherCCIISu:ctfpyr+]c
graphite).The functiont>ftheZW wasthatof a barrier
and a spacerfur keepingthefuelclcmcntccntmcd.The
hytlrogcnthatflowedin thechmnclprovidedthencccs.
wry insulation.The configurationof the NIJ-1 ZrC is
shown in Fig.6. Thesetestsarctheonly in-:cac:urtests
ntadcusingi!r~, and they pruvidcsorncqualitativein-
frwmatirmun rhc ahilit), of the ZrC to with.randthe
cnvironmcnralcc~mbmarionuf hy(frogcrtat 2700K
tcmpcraturcsar,tl the radiationfield. The postmortem
work on NF-I wasnot cnmplctcdwhentheKnvcrpro.
gramwascanccllcd.The ZrC spacersshowedlongitudinal
cracks;however.bccauscof thetighttfimcnsions,it was
not clearwhcthctrhccrickswerefnrrncdbv mechanical
Iozdingduringthe rcactur~at-up or by ~hcrmalstress.
The gcncrnl apwarancc of the ZrC weightedthe

Coolantwpl $0 J cell woeve
Call ?ubo, \ L Insulo?inggops ( tf2)

Fig. 6.
Cross wction of N&l cell sbowrng location and
sb~peO! tbe experimcrrtulporomsZrC. insulators.
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mrxhanicdloadingrarltmdc.ThereWCKnl) indic~titlns
of rcactit~nwithh}’drogctrnorwrylndic~tiortoi an).form
of dcgrmlatiortin theappcar;tnccof rhcmaterial.The,me
rhcrmal-ci>nductivit}measurementwasmuleona sample
tukcnfrom u sectionhalfwaybetweentheAl inletmd
the hot-gasexit whichshouldhaveseenchcmaximum
tcmpcra:urcund rwii~tmnfield intensity.The thermal
conducriviryII! this irradiatedZr(; was3.2W m-’ K-t ~1

300 K, which may bc compitrctfwith the Nl;.1 prndue
ti~~n~(3~o ~.) ~)f Jbou[ 4.5-5.()\i’ m-’ K-l (~}t 4706)
Iistrd in Table II. The cxpcctcdch.tngcin 3 i:nm the
inrrmlucrinnof a highctmomtration~Ifpointdefectscat-
teringccmcrsissotanunrcasorrablcvalue.

V. VEltY P(3K(WS ZrC MADE FROM CARBON
FIBER3

The insu!atorsystcmchn.scnfor IUF.2and the system
tha{ would havebeen ttscdfor high.performanceflight
rcacsorswasIrt.mlch}” the wdit.l~asreactionof carbon
fiberswith ZrCft. ttccauscof thecompressedtimescale
(the decisiont(~uscZrC tnadcm thismannctwasmade
aboutsevenmonthsbeforethe““prtson hand”date)tbc
dcvelopmcnr.cwaltntion,andproductionprocccdcdakmg
paraliclpaths.As a result,dcscriptiomof productionand
propcrriesof theveryItmv-dcnsit?”ZrC arcinevitablytied
to the NV 2 designneeds.A dimtssionof rhc porous.
fiber-basedZr(: would intlttdcan interlacingnf various
aspectsof thesefactors.AppendixC isx LASL imcrnal
documcncdescribingmnc aspectsof the fabrication~~f
the*Nl~-2insulJuwunits.

Figure7 is a sketchof rhc NF.2 insu!atorconfigurx.
rion.The reactorconsistedof 49 suchJCW.Wccxpcctcd
rhat the fuel clcmcntwouldrun as hot as 2900K; the
ahsminumtubewaswatercookdandtheinnersur!accof
the aluminumtube wasnn~expcctcdto exceed500K.
Thus. the 24OOK tcmpcraturcdrop would haveto be
takenby the 2!rCinsulator;antisincethemeanthickness
wasabout4.0mm (5/33 in.), theextentof theinsulating
powerrequiredisamplydemonstrated(Fig. 8). Figure8
showsrhc radialheat-flowIcakvxthe tduc of A for the
insulartwconfigurationshnwnin Fig. 7 and for the full.
powcTopcrat.kwtfor an NP-2 cell.Figure8 showsthatto
transfer,?5%of the thermalenergyto thecoolantgas.a
3001Ch of about0.5W m-’ K-’ wouldbe required.This
thenqctthegoalfot dscNF”2insulatordesignandfor the
targetthermalconductivityof leasthan 1 W m-tK-s at
300K.

10P

SCCTIOM A.A

8071OU

hF-2 IMSULA1OR

Fig. 7.
Nl;.l ZrC..insulator con/igtmttiwr.

I

‘ M3WK}(W rn’Kz’)
s

Fig 8.
Rebtion betttrttssntdial btot Itak wrd A (3w K) for
NF*2 imrdiltofs.
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A. F“ithricittion

“I”hcNl~-?insul~corunitswereprldumwiin a n)ul[iplc-
Stcfi,single.iusst)pcrAIion. ‘I”hctuhuktrtarhtm-filxrraw
m3tcriJ w~sprcnxtchincdto ~pprivonusfccrtj~s-section
dimcnsit~ns~nd wasc,mmr;ctI directly tctthefind proci-
ucr. “1.husrw[iagrnatcrial~nd the finishedprmiucrarc
sh(lwllin I:ig.Y. Thesurbon-fihtr[ubcwatconvcrtcdIt)

t“ig.10.
Scdrtnitlg dccfron micrograpb of ctwbonjibcv
starting rn4rtcrLd(I(XWX).

ritisw!tt~2fUI0K iiml the insuktttwswerehchi at this
tcmpcraturcin an ~rgoncnvin,nmcnr ftw2 h.Theinsul~-
ttwswere rcmlt’ for firm] machinirw afrrr Ihcv werer .

rcmovcdfri~nlthe txmvc:sitlnfurndccs.F.igurcsI(:, I I,
:Ind 12 JrcscirnningCICCXrtm mlcrogrtiphst}f thr c~rlj(~n
fthcrs,:hc ctmvcrtcdZr(~,andthe fitwr-ct)J[mlc,nwcrtcd
Zr(:, rcspcctivcl)..Note[hJttheflhcrL,,.itlngincrcJscsrhc
dcgrcct~ifillctlngnndfihcrilltcrcl)nnc”crii~t~.11)1uitivci!.it
would ht. cxf?cctcsfthJtfiberc~xstin~wtjuldincr~.ascij,jth
thestrcllgthandthe{hcrmaltwniiuctit.iq}’,whichprlwcd
tt) hc the CMC.The 2ii(I()K heatrrcatmcntsccmcdC(I
c(ntntcractthe umtingeffectshy dccreasirlgthethcrmai
consiucrivit}.oalthoughthercasunfor thisphcnomcmm:s
obscure.

Ilg, 11.
.%tnniug clectrori micrqrapb of /ibcv Zr(: after
corrvcrsiorr{l fXX)X).
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B. ThermalConductivityof VeryPorousZrCat 300K

Al: the thermal-cl]niuctivitymcasurcmcntsmadeat
300K on theveryporousZrC weremadewiththeflash.
diffusivitymethod.Despite all [he precautions taken to
assuretheaccuracy”of suchmcasurerncnts(seeSec.I\’. A).
urtpuhlishcdwork donein IASL Group .S.7.@t before
the gnwp wasdissoltcdomdica[cdthattheflash-diffusiv-
it:: rrvasurcmcnrsyieldedanswersthat weretoo high.
Theinsulatingpowerof theZrC insulators.asreportedin
thrsdt?currwnt.is probablypessimisticand the fibrous
ZrC insulatorsarc.in fact.moreeffectivethanthenum-
bersin4icare.Resultsof A mcasurcmcntsmadeat 300K
using the flashdiffusivitymcthodz>u arc compdedin
Tabk IV. This work wasdone indcpcndcntlyby two
invcstlgaeorswith csscntixllyidcnricalrcstdtsandshows
i~c vatiat:onof thermalconductivitywith degreeof
cnmpkicncsstsfthe fabrication.The increasein h dueco
(k fiber coati~ is explainedby the increasein the
intimacyof contactof the fibersandby a slightincrcasc

TABLE IV

ROOMTEMPERATURE THERMAL CONDUCTIVITY
OF PRODUCTIO?JPOROUSFIBERoZIC

%trtplcCondition

Convertedto Z<

Fibercoated
withZrC

After2800k
heatrrcatment

Porosity
(%)

74
71
75
73
79
7s
66
65
92
72
72
72

——

●.Weasuwrnentsmadrin●ir.

!k8ssdard
A (300 k)’ Dcvistion
(W n;’k-t ) (W m-sk-’ )

0.65
0.65
().62
0.8$
0.42
0.4s
1.00
1.32
0.3s
V.J5
0.43
0.36

0.04
0.04
0.10
0.2s

0.04
0.02

in thedensity.TableIV showsrhatthehat twatmcntis
vcr}’effcctivcin reducingA. hut beforewc rwdd make
furtherstudies,theprojectwas:crminatcd.

Figure9 show a voidnricntationin theconvertedZYC
in rhc form of circumfcrcneialcracks.ThisWJ$a pafl~-
hriy fortunatedcvclopmcntbccauscsuchcracksserveas
thvmal~rressfracturereliefmodesand, bcauscof the
configur-::on of the insulator(FK 7), would not be
cxpcc;cd10have&ktcriouseffectson thereactoropcra-
rion. Armrhcrcmrscqttcnccof thisvuidstructurewasthe
introductionof an anisotropyin tk thermalconductiv-
ir}”.,Mcasurcmcntsmadeparalklandpcrpertdicu}arto the
insulatorcubeaxisshowedtharthisanisotropycouldbe
as Iargcasa factorof five.s Theeffectof tk cracksas
thermal barriccswxs grac enough chat havi~ s
mr =0.9s ~ovcd to be no disadvanragc;asa ntattcrof
fact. this slightlytt~h valueresultedin a productwith
more desirablehandlingand machiningcharxscristics
thanthesystemswithIOWCScarbon comcnts.

C ModelingtheVay PorousZrC Intssluots

Bcfmcdiscmsingtk high~cmpcraturcmasurcmcrtta
of the very pOCOtt$w it is ~ry to cotssidcrthe
mechanismby which hue is transkrrcdin a hctcro~
gcncousmediumof thistype. In principle,themodeling
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rationale is thesame* rhattiiscusscdin Sec.IV.C for the
40% void ZrC. !n practice,the situationis far more

~ In ,I,c “Crv~rt)us SyStcm. withpnrosicie~incomplex.
the 71}to ‘;<% rcgitm,the natureof the voidswill be
important in dctcrtniningthe thermal conductivity}”,not
only at tempcramrcswherethe radiationis cffe~tivchut
alsoat Iowcrtcm~taturcswherethe natureof thegasin
the vuidsis significant.The criticalfactoris thr &scrip-
riortof thepores;however.I:lgs.10.11,and12skewthat
charzctcrlzatiortof sucha voidstructureprcscnna form.
d.ddcpr,~Mcm. t\ddcd to thir arctheaniso[rnpiccficcrs
dcscntwdin rhcpreviouswction.TINMdtcrmgthewin
(If the ~i)n;muous.fi!]cr Zrc 10 the iixcd-bctiZr(~and
changingrhc wmf structureafford an endlessgroupof
comlnnJ~i,ms.Thisis theheartof the ZrC sytcm. For J
giventfcnsny.thevari~riwtsdmcribrdpermitthefalwica-
tor rit tJihwthe valueof the thcrntalconthmivityand
rclJrmiproperties(Fig. 13). In Fig. 13wcawumedthat
the fiber diJmc!crwasfixcti,rhat~ porediametercnutd
beassignedto thesystem,andtheoverallwwsity of the
ZrC tv~stJkcnm bc tttl%.The threecurvesweregcncr-
awdby varyingtherarioof theflxcdbcdto chccnntinw
ous Zr(:, by includingthe effect of the hycfrogcnJt

()~~
o 500 ~ Iwo 2000 2m m

TcmpcroWo {K)

Fig. /3.
CdkuLrtd tbmrd crmfucf:vmts for 80’%porous ZrC.

3.4MPa (500 psi), and by thermalradiationeffects.The
hydrogeneffectswere includedoriginallybecausethere
arcno facilitiesavailablefor measuringAm high-pressure
hydrogenat<Ievatcdmnpcraturcs.tlydrogcncffrcrswere
includedhere tu illumatc the drasticeffectsthat the
environmentmayhaveon theintrinsicpropertiesof such
a~~ro~ Wratcrial(compareFigs.]3and2}.

PracticJlloweriirnitsof the lbcrmaiconductiviticsto
bcexpectedfrom highiypor~wsZrC werecaicularcdand
the rcsuitsarcdispla).cdm Fig. 1+. Ilcrctheporeswuc-
turcwastakento bc simiiar.cxccpt(or thernagnitud:of
titc vtlid traction;the rrutnx structurewasfixed (i.e.,
rJtioof theccmtinuousZrC to thefixedM = constant),
.I.hrrmal-c(>nductlvit}”mcasurcmcntswerecalculatedfor
the insulatorswithrdtanon, ●nd hydrwgengas inclusion
at 3.4MPa was consikrcd. Porosityeffectsace of a
magnitudesimiiarto thateffectedby changingthematrix
>:ructutc(Fig. 13), This WM importantin fabrication
crmsidcrmimtshccauscit demonstratedckariy that the
XC(:coutdbc fabricatedwith dwtsiticshighcrsqh to
retainany requiredswucturaiintegritywithoutsacrificing
rhcdcsirahicinsuisttngpropcvtics.

,
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I
Theseideaswereccstcdby ntakmgthcrmal<onduc-

tivity measurementsof veryporousZrC at elevatedscm-[
pcratures.A ZrC ntbc (with 84% prosity, (YZr =0.93,
and fabricarcdexpresslyfor this purpose)WASwad for
Steady-sra[eradial heat-flowmcasurcmcmsof A(T) in
vacuumfrom 130010 24S0 ~.z’ Thesedau arc shownin

Fig. 15 wherethecxpcrimcntalpoints.fittedcurve,and
Predicted’”ti curvearccompared.As shownin Fig. 2.
rhcupturnof thecxpcrimcntJldataat thehightempera.
turcs is somewhatgreaterthan would havebeen prc.
dieted;however,chcdifficultyin characterizingthevtid
structureis probablyat rhcroot of thisproblcmandwas
notsdvcdwheneffortsm thisarmceased.

D. Ui@.Tcmpcraturc Thcrrnxl Conductivity of NF.2
Insulators

Sarnplcsat from Produaion NF.2 insulatorswere
used for thermal.conductivitymcasurctttetttxusingthe

*r—.

i
- :;.?;
‘s :
f ,*;
s.-. ,,.

i
4

!4,

v

.
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I
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Fig. 16.
Tbmmd #ondrIctivities u! .VF.2 production imsks.
tnrs conrp~redwitb pedict~d ImpTtinre tmrd.

Iascr-flashrcchniqw AIu(T)I from MO c,, ZJOO K.~

Thcsc mcasurcmcntsweremadein vacuum.MCCaUSCd

the inherentuncertaintiesassocIaIcdwith :hc hlatl))
Nwthd for th~ very porousrnafctia!~,tIICdacaarc
shownalong with normalizedpredict,I VahJC*of the
thermalconductivityt6’Min l:ig. 16. 7hc materd UUd

had a porosity of 72% w .8 heat trr~tcd. and had J

~(~00 K) m air of 0,38W m-‘ h f As m n!hcr ,t,mpr-
isonsof this type, the apccm~t N ,lIJI-r go,,~onl~]
tcmpcraturcsin excessof 2000K arcrrachtd, !hcn the
cxpcrimcntaldatarisefasterwithtcmprralurrthanwould
bccxpcctcd.

E. Effectof Tcmpcrxturcon theG)mpmsaivcSwcngthof
zrC

h wzsncccswyto definethetcrnpcraturcItmltsof the
uufuhms of theinsulatorsm termsof theirrcwstzncctcs
comprcxsivcstress.~ Stan&rd K*F.2productionnmcntk
(72.5% porosity,ZrCQW heattreatedat 28OOK) were
subjccrcdto compressivesrrcssfrom 300to 3073K.The
stresswas appliedparallelto the cylinderaxis d the
insulatorunitswith a fixed swainrateof 42.3Yrrwcc-t.
Tkc testsweredoneat 300.1273.1873, 307g.2273.
2473, 2773.and 3073K, in a hcliurwcnwronmcnt.The
strcngrhnf theYXCwas(somewhatarbitrarily)definedas
tht stressIcvclwhereyieldfirstoccurred.Fromthedata
gcncratcdduringthesecxpcrimcnts.it appcartdthat the
ycld timewasshortenoughto makek crcp phcnom.
cnaunimprwanr.Thecurveshowingtheeffectof tcmpcr.
aturcon theyieldstrcsafor thesematcriabisgiven in Fig.
17.Theshxpcnf Ihc curveis rcawmablycharacteristicof
that for a btittk matcnalwhichundergoesplasticdcfor.
rrtstion~C tcmpcraturcsgreater than hdf th~ melting
tcmpcratwc.The data su~ that 31OOK is an upper
limitfur ZrCwe to amidcxtivc &formations.
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F. InsulatorSimulationTcata

The porousfiber-basedZrC wasneverreactortested.
NF-2 wasscheduledfor testingwhenthe Roverprogram
wascancclled.AS partof theperformanceevaluationof
the insulatorunits,a test wasmatte to investigatethe
behaviorof ZrC in a simulatedNF-2 fuel cd. n An
??-cm-longpiece ,“full cross*ction NF.2 irtsularorwas
slrppcdtncr a standardthermal-stra fuelclementspcci.
mcn(Fig. 7). Theinsufatorwascentrallykrmtedon the
fllf - clcmcmso that the heat flux wasnormal rc the
Ir\ul.!for AXIS.Theouterwwfaccwasfreeto radiacttlthe
{...ttcr-~’I)~dcdfurn~ccwall. ‘1his itwufatorcamefrom an
earlyNF-.2productionrun. h wasconvertedbutwasnot
fiber.ro,i{cdand h:d norhccnheattreated.Theinsularor
wat 77%poroul 123%thcorctl~~ldensity).Thetestpro.
cdurc .’ IS the utttt J< that followedfor a fuel ckmcm

?hc:;:II+:rmsfracture~qwrimcntwherethecmdarttftow
is CSI ,1, .hc,! ..::,{the p~.,wcTis mcrcmcduntil thespcci-
ttwnfratiturm.In thisCMC,[hctestwasterminatedby the
frac~urcf ;hc fuelelcmcnt at a powerdcrruty of about
*MO ,\tWm-.’. /\t theconcluswnof thetcsr,theinsuhtor
wascr~ckcd bu! did not brcskup.Themimrnriin temper.
Arurcdrop acriwsthe insulatorunit W* cwim.ncdto be
1000 K, t3zutf~m Ihmc vc~ ru&rrtcntarycxpcrirnrnts,
(thewtly simulatwncxpcrimcnttPerformed)theouthwk
ftw a ~tisfac!twyrc~cttwPcrformanmfront the porous
ZrCmsulsorswasoptimiwic.

!hmdarcduation tcstsmweremadeon cmwcrtt.dand
fiber-cwtcd ZrC tubes(63% fwrmrs).“f%cscmsu!ators
weremadecxprcssiyforevaluationpurposes.Theserufrrs
were$ubjc~lcdto :cmpcraturegrmficnwasgrcJras900 K
aw~~ thetubewalls.EXaminstirmof ?I.emsulattm~ftcr
two cyclesrctwalcdno significantchangesm the struc.
turc. Thesetestssuggestthat the fiber.coarmgprums
improvct!the structuralintegrityof the ftbcr?fi under
h[gt,~cmpcraturctestconditions.

G. Production?hrxktationandQualityAaatmsnce

The only iII!ux of meritawilabk for theentire pro.
ductiortrun of about 500 irtsu)atorunitswasthegross
density.Some nontfcsrructivcntcasurcmcnrsof density
wsriatiorualongthekrtgrhof theinsulatorunitswerealso
made. From th= two setsof irrforttution,two facts
appear:the&nsity wasnotuniformwithintheirnulators,
and Ihcgroasdcnxityof theinsulatorunitswasdcpcndcnc
“onthe potitiottit badoccupiedin theconversionfurnace.

If tk densiticaare brokendown accordingto fumacc
positiottssthereare fottf gcoopsof abouc12S insuhxa
‘eachand, witb tbb aizcaampk,s meaningfulstandard
deviationwaacalculated(Tabk V). So far as couldbe

TABLE V

GROSSDENSITIESCJFZrC INSULATORPRODUCTlON

GrossDensity StandardDeviation
FurnacePoritirm % theoretical (%)

Top 30.09 4.0
Middleupper 28.48 4.0
Middk lower 2%.01 3.5
Bottom 28.04 2.0

determinedduringthe insulatorcvaluatmnwork, these
mriationsin densities,in theindividualinmhror unitsand
for the insulatorprodttctmnas a who)c.wereinsignifi-
cant.The vartatiortseenin rrwas!srcdpropertieshad an
untktcctablceffecton theanticiparcd(in thercactrn)and
measuredpcrformanccs,

Tcchtiqumfor makingmeasurcrncnts(X{@) of thr
ovccallaveragethermalcrmductwityfor an entireinsula.
tor unit at mom tcmpcraturchad been&vclopcd.The
planscalkf fnr a 100%survey,)f the productioninsula.
trwst,?passon to thercactrwoperationpcncrmrclthebest
VAICSfor ~. Unfortunately,the A(o) tcchmqumdcvcl-
oped had ~ustprtwcdeffectivefor this tzsk whenthe
cffmt~ccascd.Theonly numberreportedfor aninsulator
unit WJ$ O.flW m-’ K‘ JI WO K. Ijttic morethan ghis
wasreported,Itdid ~ppcar,however.that thegoal for
fahr:catinga pure ZrC lrtsulatorwith a dwrrnalconduc-
tivityof 1ssthanI W m-’ IC1hadbeenreached.

H. InsulatorsandReactorDcaign

A very bncf outlineof thedesignconceptsfor which
the insillattwapphcatumswcvcmtcndcdIS given m
AppendixD. The Itkchhwd that tbc prswusZrC msula.
tors coufd be tailored to fit the dcstgnsthen on the
drawinf boarJu or bang cvoised, waswry gwnl

VI. SUMMARY

The dcvcloptncmof a wttsfaclnrysubstnutrfor the
pyrographitcinsulators,whichhad bcrn usedin all but
the very lastof the ROW reactors,wasverysuccessful.
Theoveralllossof insulatingpowerducto thechangeto

the dratoichtomctricporous ?K ciccsrrrcdIsrgrly at
ckmcd tcmpcraturcaand wasof a mana~cabkmagm-
ttsdc.After conaidcringotherpropcrms.includingdcn-
sity, strength, chcrmal-strcsarcmstantc,chemical
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inertness. eaw d p, ,urcrncnt, controlktbility m fabrica-
tion, unif,wmity of ~r,duction, and tnachinabilit).,wc
favoredthe 7rC a the woredcsirabkimu!atnrsystrm.
‘I%cdetaih In .hb il.pon demonstratethe (kxibility of
the ZrC aI.J rclared carbufcs and indicate,in a very
positivemannm.the mirabdoy for uslnsthecsrbidc$,in
particularZrC, ~WhcreSIJ.11flcnhili[y in phyical proper.
tiesmightbe rcquirrd.
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APPENIMX A

CJIARACfS!RIZATION AND MEASUltEME!NTSON 7KQ

L EXPERIMENTAL

A. SampkPrcpration

1he samples wcrc prcpsrcdas :2. 7~md~m by
2.5+nm.thick duks hy hm prcscingthe powderedcatbidcs
at JOOOK under a prcwrc of ItMl ,WSUcmYusinga graph.
ite dw. TJwbilletwasgroundro thedesireddiamcwrand
slicedInto dmkswIrha wireWW.ThesedisksWC{Cthen
groundto th.xltr.cssand rcpucifkdby hcatin#in vacuum.

I ,MeasutcnwIfswwcmadenn dwccdish fromeachMlkt.

1). SampkCharactcciaatimt

All sampleswrfcanal)zcdfor ford carbonby combfm
tton in oxygen Jnd f(w oxygen by pla!munt (usinn.
ExceptwhentheImpuritycontentwash~h theremain.
dcr of the materialwasaasumcdto be themajormetal.
All samplmweresingfcph~ and,exceptfti thesample
containingsulfur. had sharp pnwdcr patterns.Photo.
micrographsshoweda cwllcctionof cryttalsof v~rious
aIzcsandrelativelyIzrgcisofatcdvoids.

C Tbcrma142wtductivityMeaaumtncnts

411mmurcnwntsof thermalconductivity{k) wcw
madeat 300K usingthe fbshdiffutivity tcchnquc.The
descriptionof [he appsratusutcd anJ its charactcrittics
haveapprarcdm rhcIirtmturc.’ Thb cquipmctwiscape.
blcof generatingdatawitha standarddc+ationof about
3%accuracywhenusedwithwell.knawn.well-character.
izcdmaterials.Ifowcvcr,becauseof theuncertaintyin the
spccdicheatandthen .-t y fiw correctinga)lmeasure”
marts ro theoreticaldensity. it u estimatedthx the
aCCU~CYof thereportedVdUCSof the thermalcmductiv.
ity willliewithina S% standarddeviationband.

Thwmalconductivhicswerecalculatedfront

wh~ o isthethcnwal dtffusivity.p it thedcntity.and(>

is :hc spcclftchat. The data were rcducd to that for a
thcwrcricallycfcnscmaterialby

(A-2)

0. Dcluky Mculwcmcnt9

Thedcnsiricsuwd fot Ihccalcuimon of 2 fromo IRq.
{A-l)] wcccobtmwd by mcasumqand uc#n~ the
samplesusedfor Ihc e tncmurcnwnmfJccaNCJ knowl-
edgeof the IkmctDcddcasity(p) ISquid fot cskutat.
ing the pwrowtyand bccauactbc dtcuwcmaldcnsq
dependson thecdxxt-t&tmtaJ mfti. rhis●ko hadto be
measured.Tbc lhcorctkal&ntiticswwrccakulafcdfrum
measuredIawicepatanwtcrskc differentwakescf OM
andthedcpcndcttmof che&mit~ on theCJMrauowas
establi,ftad(l@ Act).
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E. specificHeatfor Zrc”

The qxctftcheatfur NbCk it knownoverthe C/Nb
range consiJcrctf here, The specificheat ft)r Zr(:x IS
known only f(w Zr(:aw (Ref. 3). The Cp”susedIn Fq
(A-1) f~lrZrCwereobtamd by cstimacmgthesevahmIq
arulqy wnh :hc W: s)s;cm.ThisI%shmvnm FsgAZ
whewtheNhCand Zr~ Cp”sarcdisplayedasf(CYS~).

F.k(rical Rctistivity ,Measurcmcnm

.l!c~vlrcnlcnlt ctl t-lc(trl I! rcsltllkIf} [pR ) wcrt m.>~lr

JIM)h uwng ,r Kclwrrdouble bridge. Thr p’R mcz$urt

Il. NI?SULTS

A. ZrC

w!wrcthe VJIUCI)f 1. ttscdwasth~: fw full} dcgcner~tc
Cfcctn?nictncrgy WJICS, [. = 2 +5 x IfS_”(v/K)*. h appears

that on thts}XMIS.rhcckctromc tltmpwrcnt of the rkr.

whew ~pb
It the phm)n titmrributirmm thr thermal

Olnducflstry.

B. NbC

b
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TABLE A=l

Mraarcd T?n&
731mmd candllctiuhy.

t!kukd
kktiky,

cetlmrd fca
rmnhy

611=)

nkuawd
Lmur

Pu8mtte?
(ttm). ---— .

N.wmn
(1.46W4 1

0.46992
(1.4699X
o 46VY7
().469ns
4).4701.$
1).474)15
0.+7016
0.4701J

IL47149

0,.$7(ml
0.46990
0.469;2
(L46970
O,469J9
O.ws$

Stc8wd Thmmkd
t5tdy

tMg m- )———

IItu (:onlfw Cotwuttdfit Wttrkd
qmcity tbity ?Orothy

(j ha ‘ K ‘) fW m ‘ K ‘ ) (W m ‘3C‘ )—— -- .

adativhy
(ma),——?OnMity———

6.60
6.60
660
6.59
4.ht}
6.56
f9.s4
6.3Z
6 so
6.47
6.44

0.25
0.05
0.08
0.1s
0.09
O.in
0.14
0.Iz
0.18
0.14

36S
368
fin
J6a
J6n
J67
366
J6J
J62
3643
J55

24.S
44. s
41,s
2%6
J2.2
IJ.1
12;9
n.9
7.9
7.U
*.Z

J6.U
4H.O
44.7
J7.J
J6.9
17.4
16.1
I1.1
9.9
9<7
7.7

209 167

296 2JS

6.41 mm 3$1 7.3 s. J

6,4i
6.J9
6.J7
6.JS
6.J5
6.M

JSI 7.n $3.6
349 Xv Al)
J4J 7.9 7,7
JJV RJ 8.7
J39 6,5 6.9
JJ9 6.9 6.s

2596.00
9.12
6.22
6.17
t$<zl)
6.87

mm
U.19
0.02
O.OJ
0.02
O.OJ

2s2
2JJ

.- —...-..————-.—
%Jmpkamtsnud0.s%ftwCatbut.

TABLE Ml

IUbCxOATA

Thtomtkd

0.979 0.4470
0.92S 16fUJ 0.44671
auts S20 0.44s19
Q?(JZ S40 0.44J3S

MQ
6,49
6.64
6.?4

7.78
7.7s
7.7Z
7.72

0.16 JS2 tns 24.2 114 87
0.16 3s1 ILO 14.I
a:4 J41 7.7 96
0.83 329 %S 7.0
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APPENDIXB

FINAL BRIEF SUMMARY OF ZrC INSULATORS FOR Tt{l!ROVER PKOCRAM

h

). M. Dickinson,D. H. Schcll,●nd K. V. Davidson

Thisbncf summaryof thewurkon 2?rCwclatcdinstsla-
tor materlal$in LASL Group CMB.6 is m two~ctions.
The firstxct:on thscusscstttarcrtalmadeby hot pressing
andthesecondsectiondiwuwcscxIrudcdinsulators.

A Not+rcsacdZrC Insulators

The hot-prcssirtgapproachwasstirredin 1969andwas
continuedintcrmitwtdy;until the rctcntdemiseof the
Rcmcrprogmm.The insulatorsproducedfor rhcprogram
fallgcncra!lyimo twocbmcs-thecartDide.oxidemmturcs
andtheporouscarbides.

●ixtures cdZrC.Zr02 andof IIfC.#lfO~ weremadeat
85% of rhcorctical&n4ty. and thermalconductivitics

below 2 W/m.K wereachicvcd.The ZrC-ZrO~ mixture
wasuabk for IIIh at2575K andthe}{fC+{fOa wasstable
for severalhoursat 2825 K andfor 1hat 307SK. Dctads
of the proceduresand results arcreportedhy Riky srsd

‘faub,t
Poroushtw.pressedZr(I mmlamrswerealso invcsti.

gatcdduringthis periodwith intcrc=ingresults.By hm-
tringthe densityto about40%theorcfica!.hor pressings
havingthermalcmstfsmiviticsof lessthan2 Wlm-Kcartbc
ma$fc; $orttc have reachedlessthan I W/m-K. Catrrol of
particlesizeis parsicuiarlyimporrantin the porouscar-
bidesto obfain low conth,tcrivttscswsdsomercasunabk
strengthlevel.Thesematcriatsappearto be stabkfor ai
kasr10h a: 2575K.

Very recently.somestudksof ZrC + ZrOJ ● C togivc
porousi?rChaveshowttthatthermalconductivit~of kss
than I Wlm.K canbe obtainedand thatthermalconduc.
civkicsbelow2 Whrs+ arcno: uncotntnonatdcnsitimof
50%. Thesearc moderately=rong materialsattdwere
bc~ cotsddcrcdfor hot-endwashcclppfications The

proceduresandrcmksof the hotqmsscdporouscarbides
WilJbcdacrtbc“ d ina laterrcpom.

R ExtrtttkdZrC Insulators

Porous Zt(: msulator~were m4dc for the Ruvctprw
gramby thecxtrusiunproecssm In ~ttcmptto prtwidea
method for maw prodwng insulatorsthat would be
easierandmorercprmfwblc thandw hot-pressingmesh.
Od.

We feel that a good insulatorshouldhavea micro.
structureconsistingt~f Iargc.denseZrC particicswith
Iargs.cicanvoidsbctwmt !hc panicles.Sucha structure
has been shown m havelow conductivity,rcasonabk
szrcngth.andto bethcrmaliys[ablc.Themsulamrsshould
havethermal~onductivrt~sIcssthan2 W/mK.

InsulatorswerecxmI&d eitherasrubcs.upto l.Ycm
o.d. or with a rectangularcrosssccrion,usually I cm by

2 cm
The (oilowingthreeCYpesof extrusionsweremdc in

attemptsto obtainthedcsitcdmicruscructtwc.

I. ZrC at about 60% of thcorcmcaldensitycontained
littleor no freecarbonwhenheattrcmcd.TIWSCcxtru.
sion mixescontsincdZrC, 2s02. catbon,pore former,
and binder.

2. timposkc extrusionsco: :aining40 co 50%ZrC and
from 9 m 24%freecarbonwhenheatrrcxcc!.TIICcxttst-
sion mixes containedZrC. carbon, pore former. and
binder.

3. ExtrusionscontainingZtC at 2510 45%of theoretical
densityandverylittlefreecarbon.Thesemixescontained
7xG ●ZrOt arbon, pore former, and binder;or ZtQS
carbon,porefutrncr.andbinder.

A largevarsctyof materialsand particle sizes of snare
rids were used to make the irssufators.Practicallyall
mixes contained coarse, dense ZrC particles. ‘These
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partiu~cswczuusually in Ihr -65 fII + 150 mesh range,
but in sonicmstanccswerein the -150 to + 27tJmesh
range. Parttcleshaving such o small rAngcuf SIZCStcntfto

pzck poorly thus IcavingLirgt:voidsbetweenthe panicles.

The ZrO1 powderJvMlddcfor mustof thedcvclup-
ntcnt period omslsred..J Fine particles, t. to 2-~m. vr
coarwr part wks thar c(I(i.sittcdi)f porou~ agglomerates t!f
the fine pmidcw \Vhcn ftrcscpaftidcscurwcrtcdtl~the
carbidethey tended It? rtvAin thwr size. shape,andpusJ.
tit)n m the extrusion.The fine Zroz powderendedin
$widsbctttccntheLrgcZrCpartitlcs.Thenetresultwasa
PtmmsZr(: networkin rhc.scvuidsthat increasedthe
conductwttyItf the insulator.This was not always the

tiaschccJu$c~)mc good insulators were madr that con-

tained fmc Zr02 in the cxtrusiwtmix.

(Ioarsc. dense Zroj pxticlcs bccamc m’milah!stalc in
the dctch)pmcm pr(~ram. These parricfcs. what cun-
vcrtingto) the t-Jrbid~.migr.ttcdintc~the surrounding
carbonformingJ sh:lt i~fZrC with~voidwherethei?rOt
partidchadtwiginal!ybeen.Thiswasftwtunatcin chatit
pr~widcd a method of m;king ttoichi(msctriccxrrusions
ctmcaimtglarge,ilcan Vsul,i.

Freecarb~mwasaddc,lIII thecxwusiunmix to aid in
thecxtrusi(mI}pcrationand,in rhccaseof thecomposite
cxtrusiotts.t~~prt)duccdI.wrxIcvoidsafter~hccarbonwas
lcxLcd. The carhnnJ&Fd 4*anextrusionaid was always

2(N)mc$han~ ior mtny estmsiottswasJ graphite fhr
hxvmgJn average pazric!esin of 0,6#m. Carbonaddedtu
the cnmposilccxtnrjwm to crcatcvoids was usually
smdfcrthan 200 rnc~”landwascirhcrcquiJxcdgraphite
f%mr,W<phcricalparti:ics.

All extrusionscunt,lirtcdMmJCpore-furrning material
that would decomposeor v+orizc duringthe in.sulatur
heattreatment.PowderedTeflonwasthepreferredpore
formeram!ctwidbeJddcdtu thecxrrusionmixin ahnost
any tksircdquantity.Poresweredcsirabkin the !tcat”
treatedmsubtorsto reducetheoveralldensity.to reduce
theamountef carbonin :kc compositecxrmsiormandto
provideJCCC$Sfor rhchydn~cnkzchrnggas.

/\ll :tasuluorsWCTCextrudedusingVarcum,apartially
polymcrtzedfurfutyl alcohol.as the extrusionbin&r.
Duringheattrcatmwtt.theVarcumdecomposedleavinga
cxrbonresidue.

As mentionedpr-ioudy, threetypesof cxtrusiotts
weremade.twoof whichcontainedZZ02in thecxtrttsion
mix. The mainpup of tic ZrOa additionwascoWe

.’

up freec.wbonduringthe hc~t-trc~tingupcratiortwhen
(he uxidc convertedto ZrC. This alluwcdheat-rrcatcd
cxrrusionsto be made that containedlittle or no free

carbon.
The final insulatorcouldnotcontainany freecarbun.

Even a smallamount of carbonincreasedthe conductinty
dramatically. Thcrcforc, all insulators were kachcd with
hydrogentu rcrmJvcJII tr~ccsof free carbon.Normal
Icxhing c(mditionsin LASL Group CMfb6 wcTe8 h at
2575K In flowinghydrogen.It ptovcdto be quitedi(fi-
cuh md ~imc consuming to leachallof thefreecarlxsn
frum thecompositecxwusiuns.althoughunccthecarbon
was removed,theseextrusionsmadegood insulators.
Later cxwusiunscunccntratcdort essentiallystoichio-
mctriccxttusiunsrrtdcwithtnixcscontainingappreciable
mtountsof ZrOJ.

The fullowingheat-treatingprocedurewaswedon the
insulatorextrusions.

1. (lsrc (polymerizationof the thcrmoscttiztgVarcum
Izindcr)to 520K for 93 h.

2. Vacuumbakew 1110K for 48 h,

J Ilcat treatto 2775K andhold at thistemperature
for 2 h.

Leachedinsulatrv~wereevaluatedin relationto dcn
sity, ckcwicalrcsistivity.thermalconductivity(diffusiv-
it}.). and metallography.SOJJSCthermal stability and
strengthrncasurcrnenrsweremark. Unfo:tunatcly this
work had barelystancdwhentheprogramwastc.wina-
tcd.

A large number(well over a hundred)of insulator
extrusionbatcheswerema& whosepcoductshd corrdtze
tiviticsin the4- to 7-W/mKrange.Mowcver.severalextrtt-
sionsusinga varietyof mix formulationshadconductivi-
Iicskas than 2W/mK. In general, thegoalsof thepea.
~m weretttct.Dataon selectedcxwttsionbarchcsarc
tabulatedinTabIcH.
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flarch
No.—.

4575
S0$2
S(MS
5075
5201
5266
5268
S270

Zrc
She

-65+150
-65* 150

-150+270
-6301s0
Nom

-15@z70
-150+270
-150+27QJ

zrq
She

5.4~m
Noru
None
None

-150*270
-2(XI
-Xw
-200

TAIJL5!B-I

EXTRUDEDZK INSULATOR9

Zr-C-ZrO, PO= Former
Rub (gkm’ )——

FreeCuCron
d sire

lb Pm
Carbon m

lieu Treued

Imched
Denriry-—

@cmy %——

conductivity
(W/mK)

75-25 0.10 Tcflrm
O.101cflon
0.10Tefkm
0.10Wlon
0.10Tctlon

95-2s 0.70Tcfhm
5(F5O ().70Teflon
S(MO 0.40 Trflon

-325 *Thermam
8 ~nos@cricd

.-2(MMJ25
-200+325
-200032$

0.6fim
0.6 fim
0.6Mm

None
17
16

24
24
1
2
2

3.9 60
3.2 49
3.4 51
2.6 40
1!7 25
2.7 40
2.6 39
2.9 43

1.1
1.7
1.5
1.2
0.4
0.8
0.8
t.z
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APPENDIXC

BRIEF SUMMARY OF NF-Z INSULATOR WORK

by

A. N. Dricsttct

The x~-2 Inxrlatim were manufacturedby a process

dcvch}pcdm 1971 mf early 1972 by Filmorc F. Crissof

l./\S1.. This procmscomistsof converting carbon-felt
cy!mdcm. obraurcd from the Y-12 PlantatOakKidgc,to
ZrC and thencoatingeachfiberwithZrC.Thectmvcrsirm
and cturlng Jrc done b}” a vapordcpositwnprocessurl-
htmg zwttmmm(clr.whloridc

The carbonfelt mznufacrurcdby Y-12 hada density
of shoutt).fIIgtcm’. The manuf~trurc of this felt mace

nal is dcwribcd in a L’niUn Carbide Corporation dtwu-

mcntY. lti03%arbtm.l;lbcrThermalInsulation”by i?.L.
ArdaryandC. D. Nc:;nultfs.

Prcvmu~dcvclopmcrtt work at LASf. mdtcatcd that

thiscarbonfelt,whcrrcompletelyconverted[o zircomum
carfnde.would havea densttyof ‘1.56 g/cm’ (24% O(
thcorc[tcal).Althoughthethermalconductiwtyin airof
this materialwasquitelow(,0.4W/mSK).therewascwt-
ccrn rhar the cmttcrtcd-onlymaterialwouldnot possess
satmfacuxywrcngthco withstandreactorenvironment
and the reacrorcompressiveloads Co.lscquendy.again
basedon previousdevelopmentwork,a ZrC coatingwas
appliedto eachfiber ro enhanceitsstrength.Bcca~scthe
maximummt,<rarurc to whishthe rnarctid wascxpacd
duringthe col,vcrswn-coarmgprocmawas‘1800 K and
the reactoro~atmg maximumtcmpcranrrcwascobe
‘2750 K. n sccrrwdadvisableto heattreatchcinsulators.
Thts heat treatmentwasconductedm an argonatmo-
spherezt ‘277(J K for 2 h.

The carbon-felt piecesreceivedfrom Y-12 were
‘1.3/U-m. o.d. by O.&in.id. by S-in. long.Thesepkcca
were prcmachinctfco L 175.m.o.d. by 0.7S0-in. hex
across-flats insidedimcntiocby ‘7-51S irt. long. After
machining.all insulatorpieceswereidcntif~dscqwerrtially
and werepacked12eachin a wyrofoam box. Eachbox
W* numberedin the10U)series.

Eachpiecews inspectedby a DXT deviceto aaccttxh
dcntity vaciitionaloq the Icttgdtof the felt pica ad
a3aoto checkvatiationabetweenpic~ PigrstcG1 ahowa
two typicaltracesof inmlatordcnsicics.The caJibtation

#

unitsshownon theupperngh!.handcorrw of eachtrace
is rhc equn”afctttthicknessof carbonfelt. In fact.Ptccc
NO, I wa~cut U) various thicknessesand used asa wand-

ard.

flcvclopmcnt workon prcvmuscarbomfcltpIcccYtrdi-
carmfthatsatisfactorythermalconducnviryandstrength
vahxs were obraincd*f the final densityof the ZrC
insulatorwasabout2s%of thcorctlcal(1.9gkrn’ ).

Approx:matcly50h arcrequiredtoconvertthecarbon
felt m zwcmtiumcarbide.Anot;,cr I(r h arcrcquwcdfor
thefibcrwoa;ingprocess.

Follnwingthe cmtvcmion.coatmgrun. eachinsu!ator
was heat treated at ~2770 K fm 2 h in an arpn

:- 8 ..”

— f... . .

Fig. C./.

Ty/?icafdcrrsirtisofY.12 carborr~e!t.



umt Icngthcwmmain m). An cqut$alcm dcnwy (cquI\ ~-

In .ddnl,m fct Ihc JcrrvtIy mcawrcmcnm. each mvula.

TABLE C4

EQUIVALENT Zr METAL TIIICKNESSES
{W CONVERTED ZrC INSUIATOKS

lnwtlatorNo. 324 InmtlatorNcJ.332
(mm) (mm)..—

2.s70
2.nJ5
2.955
2.913
M1O
3.fxM)
J.(MS
3.086
3.129
3.1+1
3.191
J 184

3.2t9
3.164
;.?74
3.346
3.356

Aw 3,10$

2.s02
2.774
2.7J3
2.774
2.7UI
2.813
2.82?
2.869
2.899
2.9J4
2.956
2.949
2.982
2.956
2.91M
J.ol t
2.941

Av 2.8fU

“rABLIiC-11

TYPICAL PK(JDUCTIONOATA FOKTME CONVERS!ON<OATING
MI?AT=TREATRUNS

XF.2 Insulators Boxes1012A, S. C. 10:3A
~bJt ~J(C: 11.27.72 BcrthzRun No. B3+4
~kJt.Tr~.tI~atc. 12,5”72 IkrthaRun %. B2-I22

Insulator mtDx Rcccivctt Converted Ctmvcrsirm Pcrccn(
su. No. wt.g W(,g Factors ttf1.0.4—...-— -— —. -.— —.

324 1012A 12.74 140.40 I1.02 Jell
332 lo12tt I 2.J6 I 24.C6 10.(8 28.1

%cormcsl Ocntity(cakuktaf frompxcevtdurncandwcr#rt).

MealTreat W8t Trat
wt. $ ;

1J9.46 0.94

t23ss 0.61
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Boa
Number

100JABC

1004A3tC

100SABC
1006A

laMBc
lm7AB

loo7c
~COSABC

1009ABC
101OA

101OBC
IOIIBC

IO12ABC
1013A

lot ?Bc
IO14AB

IO14C
10I5ABC

IO16A
B

1017Ab
Bb

IOMV

Quann

36

36

4B

48

46

4B

4B

48

4a

4s

12
6

!2
12

498

TABLB C411

NF-2 INSUIATOR SUMMARY

calumion

B8tch

BJ+J7

B4-S9B

64-S96

B3+40

B3-441

B3+42

BM43

B3+44

03+4s

B3+46

B3+51

NeatTtmt
Batch

BZ.I )2

B2-I i 1

B2.1 I 3

B2-I 15

B20117

B2-119

B2=120

B20122

B2”124

B2-126

B2-129

T. D,a Percmt——
Av

34,8

27.S

30.0

30.8

28.9

29.0

27.3

27.7

27.ti

23.6

30.s

26.2

Range

32.4
36.4

26.4
29.3

27.2
33.1

28.9
34.1

27.2
31.6

2s.1
32.6

21.4
31.1

24.4
32.0

22.s
33.4

19.7
24.9

28.1
33.9

26,S
29.7

Evaluation
Piuu9 Pkces

5

3

22

24

43

44

4?

4s

47

47

4s

18

24

4s3

42



on nominal dimcnskms and consequently can be in error,

but it was a convenient number to usc during insut4cor
production. }Iad the programcontinued.eachinsulator
would havebeenmachinedto rathercloselycontrolled
dimensionaltolerances,beenweighed,anda revisedper.
centO(theoreticaldensitywouldhavebeencalculated.

EvaluationDau

Approximate} 45 insulators were rcmovtdfrom the
prmftmtionpipclitlcforcvalua~ionpurpuscxandalthough
all thedataandrcsuhsproducedcannot be rcpurtcdhere,
a fcwof thepcrtirwnrmcasurcmcntswillbesummarized.

!bmpks

One insulamrwastakenfrom each representativepro-

duction convcrsion+oating hatch and cut into evaluation

sarnplcsafter the heat wcatmcnt.These samplesincluded

piecesfor chemistry,mccallography,compressiveme ~h

and deformation,●nd rotwn-tctnpmturcthermalconduc-
tivity}.Unfortunately.theRoverProgramtcrminatkmdid
not pcmtit completionof the chcmisttyand metal-
lography samples. Ilowcver, the strength and

tiumbcr Number

1003It Is
1004A 51
1005A 84
1006It 124
tm7 c 180
1009 A 22s
loll) c 282
1012B 340
tot3c 379
1015B 442

.
w. o.=Ihmreticatdcnzity.

thermal-conductivityvaluesweremeasuredon the satrv
pks Iisrcd in Tabk C4V.

cm

The longitudinalcocfficicnrof thermalexpansionwas
mc.asurcdon two NF-2 productioninsularomOnc was
PieceNo. 10 from Box 1003A, which had ● density of
2.36 g/ems (3 S.tl% of theoretical density). and the other
was Piccc No. 5S from Box 1004B.whichhada density
uf 1.76gktns (26.7%of theoretical&nsiry).

The wcragc coefficient of thermalexpansion as mms-
urcdro 23OOK was

PieceIt): 7.72 pm/m” K
Piccr 55: 7,47 ym/m° K

Time did not permit similarmcasuremcrmin the trans.

verse direction, nor on mom piccm, but mcasurcmcnts
madein buth directionson dcvclopmcntmaterialitxik
catcdthatthematccia)was.-tiaJly isotropic.

TAELt?C4V

TNERMAL CONDUCTIVITY AND INSULATOR SYRENGTN
AS A PUNCTIONOF THEORETICAL DENSITY

Batch
Numhcr

D;+37
B4-S98
64s96
B3+0
B3+41
B3+42
B344?
B3-444
63+4S
BJ+46

PCcccntof
T.D,9

36.4
27.4
31.9
34.0
30.9
30.1
25.0
26.6
22.s
19.7

Cwnpceaaivc
Dcforntaskmb

2.3
8.s
5.2

34.

4s.

Compressive
Stfcttgdt,c

(psi)

6526
2450
4317

3414

456s

210s

Thccntal
Conductivis#

(W/m”K)

0.79
0.37
0.90
0.87
0.72
1.44
1.8s
1.99
1.6J
1.37
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Cltcmiarry and Mcsallography

Chcmical analyseswere compktcd {m three Insulators
that had alsobeenusedfor compressivedcf~wmatiun●nd
strengthmeasurements(Tabk (:-IV).

These insulators had been heat treawd and then ma.

chincd to remove any surface layer cficcts. The chemical
analysesarcshown in Table C-V.

TABLEC-V

C;IEMICALANALYStXOFPttODUCTtONINSULATORS

tncuimwNo. ACW* ~WS% CFPPJJJCto ZrR@io

1004A.Sl S9.1 10.s8 490 o.9n
Ioo5A4t4 tlR.6 11.)8 630 0.96
1007C.ISO 88.8 11.04 410 0.94

Chcmisto rcsulrs lndwaw that [he insulators were

dighdy substt}ichmmctrttiand this in turn contributes to
the It)w thcmal.contlurf ivit} valuesreported.

.Mctallographsof thcac JnWIlatOfi indica[c that the
entire carhtm fihcr has been cwnvcrrcdto Zrf~;very little,

I( sn}., free carbon can be wcn as mlntmriated tJy the

chemical analysc$ The mctzthjgraphsalst}show that the
cc)aring process has hccn applictl uniformly acr(fis the

cnlirc instdatur cross section. Each convcrtcd fi/JCr had

received essentially the same ●mount of ~“oating. The
careful control during the coating process had not ~c-

sohcd in the coating being depositedon the insulator
surface10 form a “can” coat, but the coating had pate.
watcd compk;cly.
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APPENDIX D

CONTRIBUTK}NSFOR FINAL INSULATOR REPORT

DcdgnCwtsidcrariortsfor InsulatorDcvctopmcstc

b

T. J.Mcrson

lnrroduction

{\s originallycwnccivcd,the programwas to provide

insutattwsft)rthreescpxarcapplications.

t. Fhghtrcacow fic titbc
2, I:light rcat-tm periphery
j. SF-2 cell tuhcs

Ikh application had specific design rcquircrnents and
functi(mt. A later charm was given to concidcran insttla.
(or for theSF-2 h.xwnd washct

Hi#t( KcactorTicTuhcs

The purpows I)( thetrctuhcinsulatorsarc10

i. I%jrcctthetictubefromcxccssivctemperatures.
2. Kcthrccheatflux from the fuel(reducingfuelthcr

md strew),
3. Meterthehearfb~wto thesupport~ystcmcoolmt

suchthJCtheg~scxttcontfitiwtswere!wopcrfor {urbinc
o~rxton, and

+. .l!ainrJin structural integrity during the Iik of the
reacttw.

$pccific~~pcratingwmdnwnsJrr definedin armrherLOS

Alamns !icwrrtficl,aborauwyreport.

Fti#tI ReactorPcripltcry

The purposesof Chcinsulatorfur the fligh reactor
pcqdtcry arc W

I. I%lccct the metallic wrapperand bcrylliuntstat
frclmcx(cwweCcmpcraturcJ.

,\l. I J/l I f 1 I l))

2. Rcducctheheattluxfr(wtthefuelto theslats.and
3. Supptmany bundling load thar wat ncctfctfcxtcr”

nal to the C(WC.

Cakulation$shuwingqwratmgcottditlimsare givctt in
armthctLosAlatttosscientificLaboratoryrcpart.

NF-2 Cdl

The pIrp~WCS Id themsulatnrsm the

1. Rctfucchca[ IOMfromthefuel
a. To)rcduccfttclthcrmaIstresses

NF.2 cellsarc ●)

b. To keepthe aluminumcell tuhctcmpctaturcs
belowrcdhncwith the Iimirmiwatercwhrrgrarcsavail”
able.and

2. Prowdcsomeradtalmechanicalsupportto thefuel
Clcmcnt.

D@gn calculatiams arc prcscntcd in several LA!!L intcmal
ttcmmtcntsfor cffctt l~f thermalromhtctmiry.19+tolc
carbidecluster.thermalstress.axtalcxpanswns.sizecak
culations.andeffectof thermaltrarwicnts.

NF-2 ttot+nd Waahcr

The purposeof the hcn.cndwasherts u) provtdcJ
tcmpcrantrctransitionand thermalimpcdmtccfrontthe
hot fuct and suppwt tip to Ihc ahtmmumtube hundk.
‘fttis ittsttlatswhad ● cattprcsaiwcwrcngthtqttntttcnt
bccaMscit (ook dtc entire fuel pmsurc drop whileat
q)cratingWtnpcraetwc.
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