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mowell was detected.The test design and data are pre-
ABSTRACT sented here. Metallurgical analysisof virgin and tested

Pool-boilerrefluxreceivershave beenconsideredas materials has begun, and initial results are also pre-
en altemstive to heat pipesforthe Inputof concentrated sented.
solarenergyto Stifling-cycleenginesIn dish-Stifling
electricgenerationsystems. Pool boilersoffersimplicity BACKGROUND
indesignandfabricaUon.The operationof s full-scale SandTaNationalLaboratories(SNL), togetherwith
pool-belierreceiver has been demonstratedforshort pe- the U.S. _Jepartmentof Enel;gy(DOE), has Identified
flods of time. However,to generate cost-effectiveelec- dlsh-Stlrl!ngelectricsystems as havingpotentialto meet
trlcity,the receiver mustoperate withoutsignificant the DOE Solar Thermal Energy Program'slong-term
maintenancefor the entire systemlife, as muchas 20 to goalsfor levelizedenergycost [1,2]. SNL is cooperating
30 years, with Industryto developand commercializedish-Stifling

Long-termliquid-metalboilingstabilityand materials systems.Severalof these systemshave proposedthe
compatibilitywithrefluxlng NaK-78 Is not knownand use of refluxreceivers.The liquid-metalrefluxreceiver
must be determinedfor the poolbelier receiver.No boil- was conceivedof as an Improvementoverdirectly Illuml-
ing system has beendemonstratedfora significantdura- natedtube receivers[3,4]. In the refluxreceiver approach,
tion with the currentporousboilingenhancementsurface liquidmetal is evaporatedat the solarabsorberandcon-
and materials.At least one theory explainingIncipient- densed at the engineheatertubas,supplyingthe latent
bolUngbehaviorof alkali metals Indicatesthat favorable heat of vaporizationtothe engine.The liquidat the ab-
Start.upbehaviorshoulddeteriorateover time. Many sorber may be a poolthat floodsthe surface(poolboiler)
factors aft'actthe stability and startupbehaviorof the or s wicksaturatedwith,quid metal tlmt coversthe ab-
boiling system.Therefore, It Is necessaryto simulatethe sorber surface (heat pipe). The operationand advantages
full-scale poolboiler design as much as possible, lnclud- of reflux receivershave beenwell documented[51.
Ingfluxlevels,materials, and operatingcycles, On-sun The feasibilityofthe pool-belier receiverapproach
testingis Impracticalbecause of the limitedtesttime was demonstratedIn 1989-1990 [6J.The demonstration
available, receiverachievedpowerthroughputsexceeding60 kWt at

A test vesselw_.sconstructedwitha FrictionCoat- efficlenclesof about90%. Basedon these results,8 sac-
lags Inc. porousboilingenhancementsurface.The boiling end-generationpool-belierreceiverwas designed [7].A
surfaceconsistedof a brazed stainlesssteel powderwith seriesof short-termbench-scalereceivertestswas per-
about 50% porosity.The vesselwas heatedwitha quartz formed to qualifythe materials andmethodsapplied to
lamparray providingabout 90 Wlcm I peak Incidentther- the new receiver[8]. Basedon these resultsand ease of
mal flux.The vessel was clhargedwith NaK-78, which Is manufacture,a FdctionCoatingsInc. powdered-metal
liquidat room temperature. This allowsthe eliminationof surfacewas selectedforthe bellingenhancement stir-
costlyelectricpreheating,I)othon thistest and on full. face. In addition,s small amount(1/3 tort) of xenon was
scale receivers.The vessel wasfabricatedfromHaynes added to the NaKvapor space to promotestablebelling
230 alloy,selectedfor its high temperaturestr(_ngthand and smoothstartups.This amountwas based on previ-
oxidationresistance.The vessel operatedst 750°C ouson-suntestsaswell as extensivebench-scaletesting
aroundthe clock,with s 1/2-hourshutdowncycleto am- [6,8]. The second-generationreceiverIncorporatesmate-
blentevery 8 hours.Temperature data was continually rials and methodsproposedfor long-life,commercialde-
collected, vices anddemonstratedin the seriesof bench.scale

The test completed7500 hoursof lamp-onoperation tests. The shell materialis Haynes230, a highstrength
time, and over 1000 startupsfrom ambient.The test was nickel-basedalloy.The receiverwas designedto ASME
terminated when a small leak In an Inconel 600 ther- Boilerand PressureVessel Code Intentandwas menu-

ThisworkperformedbySandlaNationalLaboratoriessup- factured and Inspectedusingtechniquestypical Insmall
tx)rtedbytheU.S.DepartmentofEnergyundercontractDE- productionvolumes.The receiverwas filledwithNaK-78,
ACO4-94AL.85000.This paperIsdeclaredaworkofthe U.S. a liquidat room temperatures,eliminatingthe needfor
GovernmentandIs notsubjectto copyrightprotectionIn the electricpre-heaters. The second.generationreceiverwas

UnitedStates. successfullytested on sun[9,10]. _jl,_v
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ThermacoreInc.demonstratedstablebolllngIna end) of the deviceto maintain the setpointtemperature
benchscale of a similarslnteredsurfaceovers periodof with one of the six heater-arraybulbsfailed. In additlon,a
about 800 hours[11]. The bolllngbehaviordld notappear smallmuffinfan was actlvatedwhen all lamps are onand
to change dudngthlstest period.Othershort-termbolllng the test vesselwas at temperature. A PID controlloop
studies[12] have showna changeIn boilingchar- determlnesthe lamp operatingvoltagebasedon the pool
actedstlcsdueto the reductlonof oxides onthe bolllng temperature.Dudngstartup,the lamp powerramps from
surface,Once the oxldesare reduced,the llquldmetal 0 to 100% power Inless than 3 seconds,slmulatlnga full.
wetsthe surfaceand quenchesthe nucleationsltes, poweron-sunstartup.
causinghlghInclplent-bolllngsuperheats.The porous Temperatureandpressuredatawere recordedst 1
powderedmetalsurfaces usedIn the Thermecoreand secondIntervalsduringtransientsand 6 secondIntervals
presenttests containa large surfacearea protectedby duringsteady operatlon,Detailsof the test setupcan be
tortuouspaths,and therefore maytake a conslderebla foundInreferences14 and 15.
periodof tlme to be fully reducedandwetted.However,
dlsh-Stirllngsystems have an expsctedlife of 20 to 30 _ _.do
years, about60,000 hoursof solar-onlyoperation.Nu-
cleats boilingalsoInducessmalltemperaturefluctuations cohen
at the nucleationsiteat the bubbledeparturefrequency co_r_,r
[13], whichcould possiblyleadto thermal fatiguefailure coounav,.
of the enhancedsurface. Inaddition,the Haynes230 al.
Icy andthe braze materialsin the FdctionCoatings sur-
face have notbeenqualifiedforoperationInalkali metals
at hightemperature. Since it wouldbe verydifficultto put N_Po_
a meaningfulnumberof hourson a full-scaletest, we
planneds lO,O00-hour,around-the-clock,bench-scale
test with the selectedmstedals and methods.The dura- o.
tion of the test was selectedbecauseIt Isa algnfficant
fractionof the requiredlife, is att_nable Ina Utileover 1
year, and is morethanan orderof magnRudelonger than
previousexperiments.

The testvesselwas designedto be heatedwltha Pc. Une

six-bulbquartz lamparray, almulstingthe fluxesexperl- Prin..,
anted In a full-scaleon-suntest. The peakfluxst full _..._.r
powerIs about 90W/cm' withs totalpowerthroughputof
1500Wt.The test specimenIs a 1-3/4-Inch-diameter, Figure1.8©homtl©oftestvesselhsrdmreutup
Haynes230 alloy,weldedtubewithbrazed.onendcaps.
The tubewall thicknessIs 0.049 Inches.FigureI showsa INITIALTESTRESULTS

schematicof the test. The tube is 2 feet long,arranged To simulatethe diurnalsolarcycle, the test was de-
vertically,andfilledto about 10.75 IncheswithNaK-78 signedto automatically cycleto "ambient"temperatures
(approximately0.75 pounds).The tubeis shorterthan every 8 hours.After extendedoperationat temperature,
previousbench-scaletestsin orderto promotemixingof pre-existingmetal oxides onthe enhancedboilingsurface
splashed Iiquidwiththe xenon,whichtendsto be sweptto maybe reduced, allowingthe NaK to wet the surface. The
the top endof the pipe.The entrainmentof xenon to the cycleto amble,it stops vapor formationand allowsthe
pool is thought to assist inhot restartsand boiling stab,- NaKto fully penetrate the clean nucleationsites.Changes
ity [8]. In as many areas as possible,the parametersof Inthe startupbehaviorwouldIndicatethat 0xldereduction
this test were designedto simulate the full-scaletest[14], affectsthe boilingprocess.The cycles alsosubjectthe
The enhancedboilingsurface is a I x 4-inch patch of pc- surface to the low-cyclethermal fatigueassociatedwith
rous304 Stainless steel. The patchwas fabricatedfrom - frequent startupe.The cool-offperiodIs set at 30 mln-
60/+80 non-sphericalpowderby FrictionCoatingsInc. utas, whichresultsin a restart temperatureunder150°C.
The surfacehas an estimatedeffectiveporeradiusof 50 The normaltemperaturesetpolntis 750°C pooltempera-
p.mand an estimatedvoidfractionof 50%. The patch ture. Duringa cold restart, full lamp power Is appliedwith
coveredthe highfluxportionofthe heatedarea and was the condenser coolingfan turned off.As the setpolnttem-
0.030-Inches thick.A stripof zirconiumfoil, l-tnch by 12- peratureis approached,the PID controllerreducesthe
Inches,was placed In the bottomof the testvessel to hot- lamppowerto about83% and the condenserfan is
getterany oxygenpresentinthe NsK-78. Instrumentation turned on, if all six bulbsare still functional.The system
consistedprimarilyof type-Kthermocouplesbrazedto the takes approximately6.5 minutesto reach the setpoint
surface or Insertedin Incone1600alloythemlowells, temperatureundernormalconditions.The reduced power

Powerextractionfromthe condenserIs pdmadly by at steady state resultsina peak flux of 76 W/cmaand a
passiveradiationto the room.The powerthroughputes- powerthroughputof about 1170 W. Cloudtransientsare
timates are basedon prioroperationof the same test notsim,JlatedInthis study.
vessel with the same lamparraybutwith a gas.gap, cold- Figure2 showsa typicalday Inthe lifeof the pool
water calodmster to measurepowerextraction[8]. boiler,with three 7.5-hour operationsat temperature.The
EnoughInsulationwas removedfromthe condenser(top temperaturetraces of the pool, vapor,andsurfacether-



mocouplesdemonstratethe steady natureofthe boiling, able overa spanof 1000 readings(5000 seconds)after
Approximatelya 5°C temperature dropis seent'om the steadystate operationwas reached. Dayswithmuitlple

t_eoolto the condenser.The are in heater lampbulbfailures,when the pooloperatingtem-surfacethermocouplespeak flux region,so they rear' _llglltlyhigherthan the peraturecouldnotr;,alntain750°C, Were_. Figure
aotualsurface temperature.The "noise"onthepressure 4 showsthisdata summary.
signal Is actuallythe result of pressUrewaves fromthe A smallamountof relativedriftIs seen inthe Inter-
boiling.Duringthe 30-minute shutdowns,the indiCated nalthermocouplesbut iswithinthe thermocoupbsccu,
)ressure is steady, racy.More Importantly,the standarddeviationof the

, . , . , , - , . , - , = front-surfacethermocouplesdoes notchangeoverthe
• _ _'_ durationofthe test, Indicatingthat steadyboilingbehavior

. vw "! is unchanged.In mid-April,the lampcoolingsystemwas
1, modifiedandthe condenserthermocouplereplaced,re-

i eoo4 .. suitingin a step changeInthe temperaturedifference" _ '_- : " .... " " ' - '" _ ....... i fromthe poolto the conder_ser.In lateAugust,the device
lo couldnotmaintainthe pooltemperature,possiblybe-

cause of settlingInsulation,The condenserareawas
pw _ _ slightlyreducedto compensate,and thisalsoresultedin6

=o._ a step-changeinthe temperaturedifference.However,
the temperaturedifference doesnotchangeappreciably_

• o over the lifeof the test, Indicatingthere was noalgnfficant
0 | I • ! • l • i • • "_oo 04:00 co:co =0o _® wo' =¢0o' increasein the Internalnon-condensablegaspressure.

On January5th, the boilerwas operatingat lower-
"nine than-usualpower,andthe temperaturedifferencebe-

Rgure2. AdayInthelifeofthedurablilly.l_ test. tweenthe poolandcondenserhad Increased,Indicating
Every8hoursthetestI, ©y©ledto 'mblent"tmpmmm tosimulate the presenceof gas inthe pipe.We observeda mall
thediurnalsOlarcycle.ThepoolandraperteWeratmmm aboutS amountof greencrustat the top ofthe condenserthar.
dqFaeeapart, mowell, Indicatinga leak inthe vessel.The preem=l

The test deviceoperated for about 7500 hoursof gaugeIndicateda coldpressure of about.75 _ com-paredto a normalreadingof about .55 I_ The data in-
lamp-ontime withover 1000 cold startups.Then)was no dicatedthatthe leakoccurredwithin the previous24
detectablechange in the system behaviorduringsteady hours.
stateoperationor atsrtups. Figure3 showscoldatartups We decidedto drainthe boileranddlstUloutthe re-
at midnightons weekly basis. No significantdHfemnceis sidualNaK. Distillationproducesa very dean qmdmen,seen betweenthe different traces. SeveralspkM are
seen Inthe surface and pooltemperaturesat elartup.The avoidingthe caustic productsassociatedwllhsteamor
temperature spikesdo not appear to be Increasinginfre- alcoholcleaning.However, distillationrequiresthattheleak be stoppedusinga patchwith hlgll-tompelatweca-
quencyorseverityas test time progressesandhave not pability.We useda smallclosed-end_ cyl-been seen Inthe on-suntests of full-scalerecalvem.The
spread inthe curves is primarily due to changesinthe inderweldedoverthe area wherethe _ emerged
ambienttemperature and minor adjustmentsof test fromthe boiler.Weldingwas chosen Inorderto obtainthe requiredhigh-temperaturecapabll_. Torchbrazing
setup.

The large amount of data generated,over600 Mb, was rejectedbecauseof its larger heat.affectedzoneend
Is difficultto evaluate. The dallydata was reducedto an

and standarddevlatlon of each measuredvari- = ...... ....... ' " ' " ........ J_
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Thetendencyof braze-filleralloysto spread. Suchef.
fectsmighthave obscuredthe cause of the leak.

METALLURGICALANALYSIS

A detailedmetallurgicalanalysisofthe materials
usedInthe constructionof the bench-scaledurability-test
poolboileris underway.The resultspresentedbeloware
preliminaryand are primarilyrelatedto liquid-metalcor-
rosion.We shall reportresultsat a laterdate [16]that ad-
dressthe fullrange of our concerns,whichIncludes:

1. Uquid-metal andair-side corrosion ofthe boiler
materials.

2, Boiling-relatedthermal or mechanicalfatigueof
the powder-metalcoating.

3, DeleteriousmlcrostructUralchanges inthe boiler
materialsandjoints.

4. Lossof strengthor ductility of the boilermaterials. Figure6. Condeneerendofdllee4tedpoolkief, allowing
Ourapproachconsistsof the followingsteps: free.standingvapor.temporsture_trmowllli lindwldl4_pefsturl

1, Analysispreliminaries: thermowellebrezedto the¢on6meefwall,TheIoqlerofthetwowldl-
a. Pretest archlvingof as-deliveredmlsterlalsand temperaturethermowelleIi theire Bit biked.

assembliesfor comparisonwiththe tested boiler.
b. Post-testpatching of the boiler leak.
c. Drainingand distillation-cleaningof the boiler

undervacuum.
d.ArohlvingOfthe NaK,

2, Analysis:
a. Pool-boilerdissectionand microscopy.
b, Elemental analysis of NaK andNil(- and aIr-

exposedsurfaces.
c. Measurement of pool-hollervesselmechanlcal

propertles

Ane!yslsprellmlnarles
The archived, as-deliveredmaterialswere drawn

fromthe same materialIotaused to constructthe tested
boiler.The archive IncludesHwnes Alloy230 1.78-Inch
tubing,samples ofthe FrictionCoating Inc. powder-metal
coating,a duplicateof one endof the boiler(Including
samplesof all the tubing,weldments, and brazejoints), a
sampleof zirconium(hotgetter) sheetstock,and the
high-purityNaK-78 in its originalshippingcontainer. Figure6. Poolendofdished poolIx)fief,idmdngfree.

The boiler was connectedto a vacuummanifold standingpool.tempermr_thermowdlelindp4wdef.INUooMIngon
that includeda 900-costeel can to receivethe used NaK. theheatedsurfeo,.

The manifoldand can were evacuated andthe boilerwas ofways. Dissolutionof alloyingor Interstitial(e.g. carbon)
drainedinto the can through a 150-mesh screenfilter, elementsIs the simplestof these corrosionmechenlems
The boilerand manlf(21dwere purgedwithargon,evacu- as It resultsdirectlyfrom the solubilityof variousele-

|"_1 O

ated to about 3 x 10 torr,and then heatedto 450 C. meets Inthe moltenmetal.Alternately,reacllont between
Afteroneweek, the temperatureswere elk)wedto return alloyconstituentsand Impuritiesin the molten metaI
to ambient.The patchoverthe leak was removedbyms- (suchas oxygen)are oftenImportant. In this case, rue-
chiningwithout disturbingthe thermowell.The boilerwas tion productsthat may or may not be solublein the reel-
cut inhalfand the valves were cut offwithtubingcutters, ten metal can be formed. In the presenttest,a zlrconlum-
A smallamountof NaK was found Inthe valves,but the metaloxygengetterwas employed,andwe expectthat
boilerappearedto be NaK-free and clean(Flgure5 and corrosionof the containmentmaterialsby resldmsloxygen
Flgure6). The getterdlslntegratedIntoa numberof small Inthe NaK was mlnlmal.
places(Flgure7). Bubbletestlng locatedthe leak nearthe Prellmlnaryresultsof s metallurglcalanalysisof the
closedend of the thermowell,Justabove the brazeJoint responseof the poolboller materialsIs presentedbelow.
connectlngIt to the condenserwall. A photographof thIs Materialsexposed to both the NaK poolandNaKvapor
area appears In Figure8. condensateare belngexamlned as Is the NaKItself.

Haynes230 alloy- As-recelvtd

As mentlonedeadler, the analysIspresentedhere Is The pool-boilervessel Is constructed of Haynes230,
prlmarllyconcernedwlthllquld-metalInducedcorrosion, a hlghperformancealloy used prlmarllyforelevated-
Corroslonby llquldmetals can manifest Itself In a number temperatureapplicationsInhostlleenvlronments.Haynes



TABLEI: ElementalanetyusofHAYNES230(byED_,M_

cocAT_oNI1 _l ICr Iw /lEe....i_o Ool
_peom_on'_ ll_bm' 1_241l_lS13t ! •.... St l
Hemn_ls !1hal I _ 114.0811.451 _8 o_ I
_r_ed (area)1tee.7sI i9._I io._ I 1.01I -o o_ I
2nd phase'(spot) -!128.82 I 15.45147.73I 0,76 I ilS9 0.001
-Reg_Ona 1142.711 9.49141.971 1.66 I _.7B 0,001
_e_ionu- 11_.61118.o3112._1_.40 .io o,oo!
*As-received
tmax
Haynes230IsatradenameofHaynesIntema_ml,Ins.,Kokomo,IN,

analysisof a secondphaseparticlethat indicatesthe
precipitateshave an elevatedtungstenconcentration.

Figure7. Zlroonlumgetterfragmenti;thiswasa1"x12"strip Figure10 is a scanningelectronmicrographof the
iD of the as-receivedtubing.Marksfrom the tubeforming
processare evident inthe mlcrograph.EDS analysisindi-
catesthat the particulatesonthe surfacehave the same
compositionas that IndicatedinTable I for the second
phase.

Pool.boilersidewall- exceed to NaKpool

Scanningelectronmicrogrepheof the Insideof the
Haynes230 poolboilerexposedto the 7§0"C NaK pool
are shownin Figure11a,b. Figure1ls, is lOwmegnifica-

Figure& lhermowell,showingthe
neckedareaoauudbycyollothermalstrain,wheretheleakq_m_l.

230 Is a nlckel-chmmlum4ungsten-molybdenumalloy
that contains small additlons of Iron, oobalt,allloonand
alumlnurn.It has good mlorestructumlst4Jbllltyand ex.
hlbltsexcellentstrengthretentionand resistanceto grain
growthafter prolongedhlgh-temperstureexposure.Table
I showsthe alloySpeclfloatlonandthe heat analysIsof
the 1.75-1noh-dlamsterseam-weldedtubing.

Forthe ourrentsppllcstlon,autogenouslpwelded
tublngwas suppliedIn the solutlon-hest-treatedcondition.
ThIsheat treatment was performedInvacuumst 1176-
1245°C (as specifiedby Haynes). The Rockwellhardness
of the alloy after hosttreatlng was Rb94. A second-
phasemlorostructureremainseven after solutionheat
treatment.A scanningelectronmlorographof the as.
receivedalloy (polIshedcrosssection),shownIn Flgure9,
revealsthat the meterlal contained a relstlvelyuniform
dlstdbutlonof second-phasepartlolas.

Energy disperelvespectroscopy(EDS), a seml-
quantitativetechnlque,was usedto characterizethe
compositlonof the alloy and Itsmlcrostructure.The
overallcomposit!onof the alloyobtainedfrom an area
scan of the as.receivedtubingis shownInTable I. The Figure9. As.receivedmlcrostmotureofHayne0230alloyused

Inaonetruotlonofpoolboiler.Solutionheat-treatedalloycontainsa
resultsagree favorablywith the heat analysissupplied uniformdistributionoftun_leten-dchp'eclpItme.
withthe tubing.Also shownin Table I is a spot-mode



tion Image of the alloy surface,revealsa complexstruc- boundariesthanwithinthe grains.Suchgrainboundm7
ture clearlyalteredfrom the as-receivedtubing.At higher "grooving"is anothercommonfeatureof liquidmetal In-
magnification,Figure 11b revealsthat the structurecon- teractionswithmetalsand alloys,initialmetaliographl¢
ststsof particulatesuniformlydecoratingthe surface, cross-sectionspreparedfrom samplesexposedto the
EDS analysiShas been usedto charactedzethecompo- NaK poolIndicatethatthe amountof recessionklonly a
sitionof these featuresandthe base matedal.These re- fewmicrons(weusedthe tungsten-rich_ as
suitsare also showninTable I. The particulates markersforthe odginalsurface).If thisrecessionwere
Ondicatedin the Table as REGION A) have a composition uniformover the intedorof the boiler,it wouldamountto
similarto the secondphase particlesIdentifiedinthe about0.25 cm3or 2 grams of material.We have notyet
previoussection.The prominenceof the precipitatesin beenableto accountfor this matedalby analyabof the
Figure 1lb resultsfromthe recessionof the matrix. NaK orbylocatingre-depositedalloyconstituentson the

Reliable solubilitydata for the transitionmetalsand internalsurfacesofthe boiler,
tungstenin liquidNaK are quitelimited.However,nickel Examlnatlonof the surface morphologyof the auto.
and chromiumare knownto have solubilitiesof several genousseamweldexposedto the NaK poolIndicatesthat
partsper millionin liquidsodium[17], sothe recessionof there wereno significantdifferencesfromthe wroughtal-
the alloy surfacecan be attrlbutedto the dlasolutlonof loysurfaceJustdescribed.The recesslonof the alloyma-
nickeland chromiumInthe liquldmetal pool.A spot tdx andthe degreeto whlchthe tungaten-dchpmdpltates
analysisof the alloysurface betweefl the precipitates decoratethe surfaceInthe weld zoneare both¢ompara-
(REGION B) is given inTable I and revealsthat the NaK- bletothat shownIn Rgure 1la, b forthe parentmetal.
pool-exposedalloy matrixmaintainsthe compositionof
the as-received alloy.Grain boundariescan be seen be. Poolbol_ sidewall-- ex=osedto NaKcocdmat=
neath the preclpltatestructureIn Rgure 11b suggesting Abovethe poolsurface,the bolleralclewailisex-
that dlssolutlonof the alloy Is more rapidat the grain posedto NaKcondensateas well asto Ikluldejected

from thepool.The condensatewillbe ralativ_ pure(free
frommetallicsolutes).It will alsobe relatively_ In IX)-

I poolfor7SO0hours.FestureeonthesurfaceerepredpltmeoxT)eud
I bythereceulonofthelllloymatrbqb)Highermgnlflczlberevule

I Rgure10.m)Intemlllsurfllceof/u-receivedHw/neo230tubing; I themorphologyoftheaurfllC,atructurelindthepreleltCeofglldn
I b)Higher-magnificationImllgerllvelllapraooan©llofW-richpredpltms I boundarydleoolutlon.ReglonooAendBrefllrtoIooetlonllof EI)S
I atthetubeeurfllee. I mtelyllaInTableI.



tasslum,becausethe vaporpressureof potassiumis Figure 13 showsthe surface of a thermowellfrom
much higherthan the vapor pressureofsodium.As a re- the evaporatorendof the loller. It Is clear th_ the alloy
suit,the extent of dissolutionOfalloy constituentsfrom has sufferedextensiveintergrenulardissolution.Similar
the pool-boilersidewallmay dependon whetherthe Ioca- attack was apparenton the thermowells Inthe condenser.
tion Is aboveor belowthe poolsurface. Althoughnotshownhere,these groinboundaryfeatures

Visual examinationof the pool boilerrevealed a dis- connectto an extensivenetworkOfsubsurfacegrain
tinct"waterline"delineatingthe surfaceexposedtothe boundary cracks.Indeed,It was a through-sectioncrack
NaK poolfromthe surfaceIn the oonder_lng region, in oneof these therrnowellsthat resultedinthe air leak,
Figure12 showsthe structureof the sidewallOf thevessel causingthe testto beterminated. Figure8 showsthe
Inthe condenserregion.The surfacehema morphology failedthermowell.The crackwas locatedstthe base of
Intermediatebetweenthe as-receivedmatmlal and the the neckedregionevidentIn the Figure.Thisthermowell
NaK-pool-exposedsurface.The tungsten.richprecipitates was brazedto the sidewallOfthe poolboilervesseland
are lesswell definedthanthoseshownIn the previous thuswas rigidlyconstrainedst both ends. The necking
figures,suggestingthat the degree of dissolutionof the andthe associatedcrackwere the directresultof this
matrixIs somewhat less extensive.HoweVer,the grain constraint.OifferencesIn both the thermal expansion
boundarygroovingis moreapparent than before simply coefficientsandthe heatingrates Ofthe thermowelland
becausethe precipitatestructureis lesswell definedand the pool-boilervesselgave riseto thermo-mechanlcalfe-
doesnotmask the grainboundarystructure.The corn- tigue.The combinedeffectsof fatigue andthe chemical
positionof boththe precipitatesand ofthe underlying attackof NaK on the alloywas responsibleforthe failure
matrixare essentiallyIdenticalto that reported for the of the tubeand the subsequentterminationofthe experi-
surfaceexposedto the NaK pool. ment.

As before, the seam weldappearsto have been af-
fectedto the same extentas the parent alloy, Lastly,the
Rockwellhardnessof the vessel was Rb 92 suggesting
thatthere were no changes In the mechanlcalproperties
of the matarlal as a resultof the long-termexposureto
NaK or the prolongedtlme st temperature. Strengthand
ductllltyof the pool-bollarvesselswlll be dlrectlymeas-
ured as partof thls metallurgicalanalysls and reported
later [I 8].

Powder,metala_atlnaon heatedmafa_
The heated surfacewas coatedwlthType 804L

stalnless.stee1-60/+80powderadheredto the surface
wltha braze filleralloy equlvelentto Bnl-7,s nlckel-
chromlum-phosphorousalloy.A vlsual Inspectlonof the
coating (Rgure 8) shows Itto bo entlrelyIntactand free of
any macroecopiocrecklng.This Is an Importantprellml-
nan/result, becauseof ongoingconcernsregardingther-
mal and mechanicalfatigue effectsof the llquld-metal
bubblecycle.A detailedmetallurgicalanalysisof the
heated surface and Its coatlngIs In progress.

In--nee 800thermowell
Inconal800 (IN600) I/8th-lnch tublng was usedto

fabricatethe six thermowelisInthe pool-lx)llervessel.
These thermowellswere locatedaboveand belowthe
NaK pool. IN600 Is a nlckel-chromlum-lronsustenltlcal-
loy that has goodresistanceto oxidationand stress-
corrosionorecklng.However,there appearsto be little
publishedInformationregarding Its resistanceto ,quid-
metal attack. The specifiedcompositionforthe alloyIs
given InTable II. At temperaturesbetween550 and
950°C, chromiumcarbides precipitateoutof solidsolu-
tlonand may sensitizethe materialto Intargrenularattack
Inaggressivemedia.

TABLEI1:CompositionofIn_ona1800(writ,) I|

I IN600 U I_1_'! Cr I SI [ Fe I Mnl Cul I Flgure12.a)lnternalaudlaeofpool-bollerexpoeedtoNaK
l spec,con 72'! i4-1710.s'I 10 I1.0t I 0.5o,I Inden:m(abovamepooPreclpltmltru_urellleeewallddlned

...... I thenInFigure11becauseoflu_extenslvealloyrecession.Gnlln.
*Ni +Co = 72 rain. I boundaryattackIsmoreapparent;b)Highermagnificationrevealsthe

tMax _m_rphologyofthesurfaceMructur_
Incone1800Isaprodu_oftheIncoAlloysInternational,Inc.,Huntington,WV

r II--



furtherdevelopmentstudlu endforlongerperlodsof
operatlon,

4. Hardnessmeasurementssuggestthattherewere no
changes In meohanlcalpropertlu of the Haynes 230.
Directmeasurement of rasldualmeclmnlcalpmpertlas
are planned.

5, A preliminaryexaminationof the powder-metalcoat-
Ing revealed noslgnlflcantchangesas a resultof
7500 hoursof operetlon.

6. MetallurglcalanalyslsIs ¢ontlnulngand a fulldstalled
report Is planned[16],
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