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Abstract:MagneticpropertiesofthermallyagedFeＧCualloyswithpreＧdeformationhavebeenevaluatedtoimprove
theunderstandingofusingmagnetictechnologyforthenondestructiveevaluation(NDE)ofirradiationembrittlement
inreactorpressurevessel(RPV)steels．FeＧCualloyswithandwithoutpreＧdeformationwerethermallyagedat５００℃
andthechangesinmicrostructure,mechanicalpropertiesandmagneticpropertiesweredetermined．Itisfoundthat
thestrainＧinduceddislocationsrecoverandtheCuＧrichparticlesprecipitateduringtheagingprocess,andthemagnetＧ
icpropertiesvariationdependsonthecombinedinfluenceofthesetwofactors．FromthepointofviewofNDE,a
fullytemperedorannealedmicrostructureisfavorablebeforeRPVisputintoservice．TheseresultsimprovetheunＧ
derstandingofmagneticpropertyevolutioninactualRPVsteelsandhelptodevelopNDEtheoryforirradiationemＧ
brittlement．
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　 　Irradiationembrittlementinreactorpressure
vessel(RPV)duetonanoＧsizedCuＧrichprecipitates
(CRPs)isoneofthemainconcernsimpactingthe
safeoperationofnuclearreactors[１Ｇ３]．Charpyimpact
samplesareprevailinglyusedtoevaluatetheembritＧ
tlement,butthisproceduresuffersfromsomedisＧ
advantagessuchastheuncertaindoserateeffect[４Ｇ６]

andthediminishingstockoftheCharpyimpactsamＧ
plesafterlifeextensionofnuclearpowerplants．ReＧ
actorＧcomponentＧlikeRPVisirreplaceableduringits
servicelife;thus,itisofgreatmeaningtomonitor
theembrittlementsituationofRPVonlineandnonＧ
destructively．Magnetic nondestructive evaluation
(NDE)technologycouldbeagoodcandidatemethod
becauseofitssensitivitytotheevolutionoflattice
defectssuchasdislocations,precipitatesandgrain
boundaries[７Ｇ９]．Inviewofthehighradioactivityof
theneutronirradiatedRPVsteels,thermallyaged
FeＧCualloysarecommonlyusedtosimulatetheirＧ
radiatedRPVsteels[１０Ｇ１５]．Ithasbeenfoundthatthe
coercivityandhardnessofFeＧCualloysincreasewith
CRPsprecipitationanddecrease with CRPsripeＧ
ning[１０,１１]．However,theeffectsofotherlatticedeＧ
fects,mainlydislocations,onmagneticpropertiesof

RPVsteelsafterirradiationhavebeenneglected．In
fact,actualRPVsteelspossessbainiteormartensite
microstructurewithdislocations,andthesepreexistＧ
ingdislocationsmayrearrangetheirsubstructure[１６]

ordecreaseintheirnumberdensity[１７,１８]duringtheir
servicelives．Therefore,itisofcrucialimportance
tostudythecombinedinfluencesoftheselatticedeＧ
fectsonmagneticproperties．Thisworkaimedtostudy
thecombinedeffectofdislocationsandCRPsusingtherＧ
mallyagedFeＧCualloyswithpreＧdeformation,andto
improvethefundamentalunderstandingofNDEfor
irradiationembrittlementinactualRPVsteels．

１　Experimental
　　ThematerialusedforthisstudywasbinaryFeＧ
０􀆰９７％Cualloy,whichwasmadethroughmeltingof
pureironandcopperinavacuuminductionfurnace,
followedbyhotforgingoftheingotintoaplate．The
platewassolutiontreatedat８５０℃for５handthen
waterquenched．Uniaxialtensiletestsampleswere
cutfromthissolutiontreatedplateanddeformedat
astrainrateof６􀆰７×１０－４s－１uptoastrainof５％
and２０％,respectively．SamplesforVickershardＧ
nessandelectricalresistivitymeasurementwerecut



fromthedeformedtensilesamplesandthewater
quenchedplate,andthenisothermallyagedat５００℃
forvarioustime．Vickershardnesswasmeasuredon
theelectroＧpolishedsurfaceunderaloadof３NatelevＧ
enpointsandthenaveraged．Electricalresistivity
wasmeasuredtocharacterizethevolumefractionof
CRPs．Itwasconductedat２５℃usingasourcemeＧ
ter(Keithley,Model６２２０)andavoltmeter(Keithley,
Model２１８２)in accordance with ASTM F７６Ｇ０８．
Transmissionelectronmicroscope(TEM)wasused
tocheckthemicrostructureofthesamples．MagnetＧ
ichysteresisloops(HLs)weremeasuredusingviＧ
bratingsamplemagnetometer(VSM)andtheinitial
magnetizationcurvesweremeasuredusingSQUIDＧ
VSM．Specimenswithsizesof６mm×４mm×０􀆰８mm
werecutfromthewaterquenchedplateandthedeＧ
formedtensilesamplesalongthetensiondirection,
carefullygroundtoathicknessofabout１６０μm,
electroＧpolishedonbothsidestoathicknessofabout
１３０μmtoensurestressＧfreesurfaces,andfinally
thermallyagedat５００ ℃ invacuum．A maximum
magneticfieldof１０００Oe(７９６００A􀅰m－１)wasapＧ
pliedalongthetensiondirectiontomeasuretheHLs．
Thevariationoftheappliedfieldbetween －３９８０
and＋３９８０A􀅰m－１ wassetassmallas７９􀆰６A􀅰
m－１toacquireamoreaccuratecoercivity．

２　ResultsandDiscussion
２􀆰１　Microstructureevolution
　　Fig􀆰１showsthestressＧstraincurvesoftheuniＧ
axialtensilesamplesdeformeduptostrainsof５％
and２０％,respectively．ItisnotedthatuniaxialtenＧ
sioncanproduceauniform microstructurewithout
introducing macroresidualstresscompared with
otherdeformation modessuchasrollingandbenＧ
ding[１９]．ThesamplesinFig􀆰１wereintheuniform

Fig􀆰１　StressＧstraincurvesofFeＧCualloyspreＧdeformedupto
strainsof５％and２０％respectively;insetTEMimages
showmicrostructuresofsolutiontreated(a)and２０％

preＧdeformed(b)alloys

elongationregionfarawayfromnecking,whichinＧ
dicatesthatthespecimenscutfromthedeformed
samplesareofthesameanduniform originalmiＧ
crostructure．TheinsetofFig􀆰１showstheTEM
imagesofthesolutiontreatedand２０％ preＧdeＧ
formedFeＧCualloys．NosignsofdislocationorpreＧ
cipitatecanbefoundinthesolutiontreatedalloy,
whileafterpreＧdeformation,theplasticstrainproＧ
ducesalargenumberofdislocationstangledwith
eachother．
　 　Fig􀆰２showsthe microstructureevolutionof
２０％preＧdeformedalloywhenthermallyagedat５００℃．
Afterthermallyaging,recoveryprocessoccursas
demonstratedinFig􀆰２．ThedislocationdensitydrasＧ
ticallydecreasesafteragingfor６０min,andatthe
sametime,thedislocationsslidetorearrangeinto
loosedislocationwalls,asshowninFig􀆰２(b)．Clear
dislocation wallsform withincreasingtheaging
time,leavingveryfew dislocationswithinthereＧ
gionsbetweenthewalls,asshowninFig􀆰２(c)．The
meanspacingbetweenthewallsincreaseswithafurＧ
therincreaseinagingtime,whichcanbefoundby
comparingFigs􀆰２(c)and２(d)．Recoveryhappens
whentheannihilationandrestructuringofdislocaＧ
tionscoulddrivethedislocationclustersintoenerＧ
geticallymorefavorableconfigurations．
　　Thevariationofelectricalresistivity(ER)was
usedtocharacterizethechangeinvolumefractionof
CRPswithagingtime．ItisreportedthatERvarieslineＧ
arlywithvolumefraction(ormassfraction)ofCRPs,
i􀆰e􀆰onepercentmassfractionofCRPscouldreduce
ERby４×１０－８ Ω􀅰m[２０,２１]．Fig􀆰３showsthechange
inERwithagingtime．BoththeCRPsanddislocaＧ
tionscouldaffecttheER;however,theinfluenceof
dislocationscanbeignored,whichcanbeseenfrom
theverylittlechangeinERwhen２０％preＧdeformaＧ
tionisintroduced (seethepointsat０􀆰０１ minin
Fig􀆰３)．ERdecreaseswithincreasingagingtime,reＧ
flectingtheprecipitationofCRPs．Comparedwiththe
unＧdeformedalloy,ERdecreasesmuchfasterinthe
initialagingstageforthe２０％ preＧdeformedalloy,
indicatingthatpreＧdeformationcanacceleratethe
precipitationprocess．Thereasonforthismayliein
thelargernumberofnucleationsitesandfasterdifＧ
fusionvelocityproducedbythestrainＧinduceddisloＧ
cations．Fig􀆰４showstheTEMimagesofFeＧCualＧ
loysagedfor３０minwithorwithoutpreＧdeformaＧ
tion．ItcanbefoundthatmoreCPRsappearinthe
alloywithpreＧdeformation(Fig􀆰４(b))andthemean
sizeofCRPsseemstobealittlelargerthanthatin
thealloywithoutpreＧdeformation(Fig􀆰４(a))．ThedisＧ
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