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Abstract:Theeffectofadding０５mass％ CuonductilityandmagneticpropertiesofFeＧ６５Si(mass％)alloywas
investigated．Thealloyswithandwithout０５mass％ Cuadditionwerewarmrolledintothinsheetsofthicknessno
morethan０３mmattemperaturebelow６００℃．Itwasfoundthatthealloywith０５mass％ Cuadditionwasmore
easilywarmrolledthanCuＧfreealloy．Tensiletestswerecarriedouttofurtherinvestigatethisphenomenon,which
confirmedthattheductilityofthealloywith０５mass％ CuadditionwassignificantlyhigherthanthatofCuＧfreealＧ
loyat５５０℃．Basedontheresultsoftransmissionelectronmicroscopyanalysis,theductilityincreaseofthealloy
with０５mass％ CuadditionwasattributedtotheeffectofCuonthepromotionofdynamicrecoveryandsuppression
oflongＧrangeorderinthealloyduringwarmrollingprocess．ItwasalsoobservedthattheironlosswaslowerandinＧ
ductancewashigherforthealloywith０５mass％ Cuaddition．Thus,itcanbeconcludedthataddingasuitably
smallamountofCuwouldnotonlyincreasetheductilityofFeＧ６５SialloyatwarmrollingtemperaturesbutalsoimＧ
proveitsmagneticproperties．
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　　Thebestmagneticpropertiescanbeobtained
forasiliconsteelsheetwith６５mass％ Sicontent．
This FeＧ６５Si (mass％)alloy exhibits nearＧzero
magnetostriction,highpermeabilityandlowiron
lossathighfrequencies,whichareideallysuitable
forthedesignandminiaturisationofadiverserange
ofenergyＧefficientelectricaldevices[１]．However,
thisalloyisbrittleatroomtemperature[２,３]．Asa
consequence,itcannotbecoldrolledtothinsheets
fordeviceapplications,severelylimitingitsapplicaＧ
tionpotentials．
　　ThebrittlenessofFeＧ６５SialloyatroomtemＧ
peratureismainlyattributedtotheformationofthe
orderedphasesB２andD０３

[４,５]inamatrixofcoarse
grainsduringcooling[６]．AcommonapproachtoimＧ
provingtheductilityofFeＧ６５Sialloyisalloyingso
astosuppressthedegreeofthelongＧrangeorder,
refinethegrainsizeofthematrix,orinduceacomＧ
binationofbotheffects．Forinstance,scholars[６Ｇ８]

havereportedthataddingasmallamountofBinto

FeＧ６５Sialloycouldrefineitsgrainsize,whichreＧ
sultedinanincreaseinitsductility．However,Bis
aninterstitialelement,which maydeterioratethe
magneticpropertiesofthealloy[９]．Besides,alloying
withsubstitutionalelementsseemstobeasuitable
approachtoincreasetheductility withoutreducing
themagneticpropertiesofFeＧ６５Sialloy．However,
theresultsreportedinliteraturessofararenotconＧ
clusive．Forinstance,anumberofstudieshavebeen
carriedoutontheeffectsofalloyingwithAl,Ga,
CrandCeandhaveshownthattheductilityofhigh
siliconsteelscanindeedbeincreasedasaresultof
partialsuppressionofatomicorderingwhenoneof
theseelementsisadded,butthemagneticproperties
ofthealloysarealsoadverselyaffected[１０Ｇ１５]．Thus,furＧ
therresearchisstillrequiredtoidentifyalloyingeleＧ
mentsormechanismsthatwouldincreasetheductilＧ
ityofFeＧ６５SialloywithoutsimultaneouslyworseＧ
ningitsmagneticproperties．
　　Ithasbeenreportedthatapproximately２３mass％



CucanbedissolvedintheFeＧ６５Sialloyat８００℃[１６]．
ThisismuchhigherthanthesolubilitylimitofCuin
αＧFeatthesametemperature,whichisapproxiＧ
mately１８mass％ Cu[１７]．Itisthusconsideredthat
moreCumaybedissolvedinFeＧ６５Sialloythanin
αＧFeatlowertemperatures．However,theeffectof
Cuadditionontheductilityandmagneticproperties
ofFeＧ６５Sialloyisunknown．Thepresentstudy
aimstoinvestigatetheseeffects．Itisfoundthat
adding０５ mass％ CuintoFeＧ６５SialloycanimＧ
provetheductilityandmagneticpropertiesofthealＧ
loysimultaneously．

１　ExperimentalProcedure
　　TheFeＧ６５Sialloyswithandwithout０５mass％
Cuadditionwereproducedbymeltingandcastingin
avacuuminductionfurnaceusingindustrialpureiron
(９９５mass％),silicon(９９９９mass％)andcopper
(９９９ mass％)asraw materials．Theingotswere
heatedto１１５０℃ andforgedintoslabswiththickＧ
nessofabout２０mm．Theslabswerethenheatedto
１０００℃andhotrolledtosheetswiththicknessof０８－
１０mm．ThehotＧrolledsheetswereheatedagainto
６５０℃andthenwarmrolledinseveralpassestofiＧ
nalthicknessof０２０－０３５ mm．Inbothhotand
warm rollingprocesses,thesteelswere manually
takenoutofthefurnaceandfedintotherollingmill．
ThetemperaturedropofthesheetsduringthisfeedＧ
ingprocesswasmuchmorerapidwhentheirthickＧ
nessbecameprogressivelythinner．Itwasestimated
thatthetemperatureofthesheetsattheonsetofthe
warmＧrollingprocesswasbelow６００℃．
　　Yieldandfracturestressesaswellasfracturestrain
weremeasuredbytensiletestsonatensiletestingmaＧ
chine(AGＧIS１００kN)．Scanningelectronmicroscopy
(SEM,Nova４００NanoSEM)wasusedtoobservefracＧ
turesurfacesofthespecimens．TransmissionelecＧ
tronmicroscopy(TEM,JEMＧ２０１０HT)wasusedto
analyzethedislocationstructure,andtheselected
areaelectrondiffraction(SAED)patternsoftheorＧ
deredphasesweremeasuredalongthe [００１]zone
axes．Thecorelossat４００Hz(１T)(P１０/４００)andthe
magneticinductionat５０００Am－１(B５０)ofthethin
sheetsproduced were measuredusingan AC/DC
magneticmeasuringinstrument(MPGＧ１００D)from
specimenswithasizeof３００mm×３０mm×０３mm．

２　ResultsandDiscussion
２１　Effectof０５mass％ CuadditiononwarmrollＧ
ingbehaviour
　　Itwasobservedthat,withthesamerollingpaＧ

rametersandprocedures,thealloywith０５mass％
Cuadditioncouldbemoreeasilywarmrolledthan
theCuＧfreealloyattemperaturesbelow６００℃．For
instance,thealloywith０５mass％ Cuadditioncould
bewarmrolledtosheetswiththicknessof０３mm
andwidthof１３０mm withouttheformationofany
edgecrack (Fig１)．Incontrast,theCuＧfreealloy
couldbewarmrolledtothesamethicknessfreeof
edgecracksonlywhenthewidthofthesheetswas
lessthan９０ mm．Whenthe widthofthesheets
reached９０mm,tinyedgecracksalwaysoccurredin
thecaseoftheCuＧfreealloyasillustratedbytheinＧ
sertofFig１,whichshowstheenlargedimageof
theedgeareasindicatedbythesmallcircles．When
thewidthofthesheetswaslargerthan９０mm,the
CuＧfreealloycouldnotbewarmrolledto０３mmin
thicknesswithoutincurringgreatnumbersoflarge
edgecracks．TheseobservationssuggestthattheducＧ
tilityofthealloywith０５mass％ Cuadditionwas
largerthanthatoftheCuＧfreealloyattemperatures
below６００℃．Thiswasconfirmedbythetensiletest
results,asdiscussedinthefollowingsection．

Fig１　MicrographofwarmＧrolledFeＧ６５Si(mass％)
sheetsof０３mminthickness

２２　Effectof０５ mass％ Cuadditionontensile
propertiesat５５０℃
　　Tensiletestswerecarriedoutat５５０℃forboth
CuＧfreeandCuＧcontainingalloysonhotＧrolledspeciＧ
mensof１０mminthickness;threeseparatetests
weremadeforeachalloy．ThetypicaltensilestressＧ
straincurvesobtainedareshowninFig２(a)．The
yieldstressandtensilestressoftheCuＧfreealloy
wereabout５５７MPaand５６０MPa,respectively,while
thoseofthealloywith０５mass％Cuadditionareabout
５１２MPaand５１７ MPa,respectively．Thestrainof
uniformdeformation,ie,themaximumstrainatthe
onsetofnecking,wasapproximatelythesameataround
５％forbothalloys,butthestrainatfractureofthe
alloywith０５mass％ Cuaddition (about１８８％)
wassignificantlyhigherthanthatoftheCuＧfreealloy
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