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ABSTRACT

InordertoexpandtheapplicationoftheelectrodepositedNiＧFealloyfoil,theirmechanicalandmagnetic
propertieswerestudiedafterheattreatment．ThedevelopmentofgraingrowthduringannealingwasinＧsiＧ
tuonlineinvestigatedusingaheatingstagemicroscope,andthetexturewasanalyzedviaXＧraydiffraction
(XRD)andelectronbackＧscattereddiffraction(EBSD)．Theresultsindicatedthatabnormalgraingrowth
usuallyoccurredduringannealingat１０００－１０５０°C．The{１１１}orientedgrainspreferentiallygrewasthe
annealingtemperatureandholdingtimeincreased．TheplasticitiesoftheelectrodepositedNiＧFealloyfoils
afterheattreatmentwerebetterthanthoseoftheoriginalsamples．Theexcellentductilitywasobtained
withoutalossinmagneticpropertiesafterannealingat１１００°Cfor６h．

１．Introduction
　Withtherapiddevelopmentofthemaglevtrain,suＧ
perconductiveenergystorageandprecisionelectronＧ
icstechnologies,thedemandforthinandlightmagＧ
neticshielding materialsisgrowingquickly．The
５０％ NiＧFealloyfoilisanexcellentsoftmagnetic
materialandhasthesuperior magneticshielding
performance．Uptonow,themethodsofmanufacＧ
turingNiＧFealloyfoilmainlyincludecastingand
rollingmethod,quenchingmethodandelectrodepoＧ
sitionmethod．Thecastingandrollingiscomplexin
proceduresandhighinenergyconsumptionandproＧ
ductioncost．Thequenchingcan prepareamorＧ
phousfoilwithgoodperformance, butthesmall
widthrestrictsitsproductspecification, whichlimＧ
itsitsapplication．Theelectrodepositionis well
knownasatechnologicalandeconomicalmethod
producinglargescaleandhighpuritynanocrystalＧ
linemetalsinonestep,andthecostreducesasthe
thicknessdecreases．Therefore, theelectrodeposiＧ
tionmethodhasbeenattractingmoreandmoreatＧ
tention．However, theachievementoftheseexＧ
traordinarypropertiesisusuallyaccompaniedbya
sacrificeinductility[１Ｇ３] becausethenatureofnanoＧ
scalestructures[４] restrictsthegenerationandstorＧ
ageofdislocationsinsidegrains, whichlimitsthe

practicalutilityofthesematerials．Therefore, one
challengeistodesignnew microstructurestoachieve
improvedexcellentsoftmagneticpropertieswithout
alossinductility．
　Fortunately,itispossibletomitigatetheseprobＧ
lemsbycontrollingthemicrostructureandtexture
ofthe materialthroughheattreatment．Mostof
studies[５Ｇ１１] solelyfocusedoncontrollingthemicroＧ
structureofnanocrystallinemetalsinnanoＧscalereＧ
gion．Forexample, Houetal􀆰[８] detailedthestrucＧ
tureand mechanicalpropertiesofelectrodeposited
NiＧW alloy coatings after annealing at５００°C．
Spechtetal􀆰[１１] investigatedthestabilityofnanoＧ
crystallineCrＧFeＧNifilmsafterannealingat２００－
８００°C．However,animprovementinmagneticand
ductilitypropertiescanalsobeachievedbyincreasＧ
ing average grain sizein microＧscale region[１２] ．
TherehavebeenfewresearchesofthinelectrodeＧ
positedmagneticfilmsandfoilsonincreasinggrain
sizefrom nanoＧscaleto microＧscalelevelthrough
hightemperatureheattreatment．
　Electrodepositednanocrystallinematerialdoesnot
undergorolling deformation and has no rolling
strain, sothedevelopmentofrecrystallizationof
electrodepositednanocrystallinemetalsdiffersfrom
thatoftraditionalcastＧrollingmetals．Inthisstudy,
theprimarygoalwastoimprovetheductilitywithＧ
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outagreatlossinmagneticproperties．TheevoluＧ
tioninmicrostructureandtextureoftheelectrodeＧ
positedNiＧFealloyfoilwasalsostudiedafterhighＧ
temperatureheattreatment．Theresultspresented
inthisworkwillprovidevaluableinsightsforfuture
researcherstoexpandthepotentialapplicationsof
NiＧFealloyfoil．

２．ExperimentalProcedure
　TheexperimentalelectrodepositedNiＧFealloyfoil
wassuppliedbyanindustrialenterpriseinChina．
Thefoildimensionswere５０μminthickness, and
３０cmin width．Itschemicalcomposition wasNi
５０􀆰０３wt􀆰％, Mn０􀆰０１５wt􀆰％, Al＜０􀆰００５wt􀆰％,
Ti＜０．００５wt􀆰％,P＜０􀆰００５wt􀆰％,S０􀆰０４２wt􀆰％,
N０􀆰００４２wt􀆰％,andFebalance．
　ThefirstgroupofexperimentswasusedtoexamＧ
inetheeffectsofannealingtemperatureandholding
timeonthemicrostructuresandpropertiesofalloyfoils．
Theannealingequipmentisatubefurnaceequipped
withavacuumsystem．Hydrogengaswasintroduced
ataflowrateof２００mL􀅰min－１inordertopurifythe
electrodepositedNiＧFealloyfoil．Thealloyfoilswere
heattreatedatthedesignedtemperatures (９００,
９５０,１０００,１０５０and１１００°C)for２,４and６hreＧ
spectivelyataheatingrateof５°C􀅰min－１, and
thenthespecimenswerecooledto５００°Catarate
of５°C􀅰min－１．Finally,thespecimenswerekeptin
thetubeuntilreachingambienttemperature．
　In ordertofurther understandthe evolution
mechanismofmicrostructure,thesecondgroupof
experimentwasusedtostudytheevolutionofgrain
microstructurebyinＧsituonlineobservation．The
annealingequipmentisaheatingstageequippedwitha
hightemperaturethermoＧstagemicroscope．TheelecＧ
trodepositedNiＧFealloyfoilwithasizeof５mm×５mm

washeatedto１１５０°Catarateof５°C􀅰min－１．
　Themagnetichysteresisloopsofthealloyfoils
weremeasuredwithasoftmagneticdirectcurrent
standardmeasuringdevice (NIMＧ２０００S), andthe
mechanicalpropertiesofthealloyfoilsweretested
withanelectronicuniversaltestingmachine(WDW
３０２０)．ThemicromorphologyofheatＧtreatedalloy
foilswasobservedbyopticalmicroscopyandscanＧ
ningelectron microscopy (SEM, MLAＧ２５０)．The
crystalstructurewasanalyzedviaXＧraydiffraction
(XRD, MXP２１ＧVAHF)．MicroＧorientationanalysis
wasconductedusingelectronbackscatterdiffraction
(EBSD,BRUCKER) withtheassociatedequipment
onthescanningelectronmicroscope．Thegrainsize
oforiginalelectrodepositedNiＧFealloyfoilwascalＧ
culatedbyScherrerformula:
　　　D＝Kλ/βcosθ (１)
where, D isthegrainsize;λistheXＧraywaveＧ
length, nm;βisthepeakwidthofthediffraction
peakprofileathalfmaximumheightresultingfrom
smallcrystallitesizeinradians;θisthediffraction
angle; and K isaconstantrelatedtocrystallite
shape,normallytakenas０􀆰９．

３．ResultsandDiscussion

３􀆰１．Effectofheattreatmentonmicrostructure

　Figs􀆰１(a)and１(b)showthesurfacemacroscopic
and microscopicmorphologiesoftheoriginalelecＧ
trodepositedNiＧFealloyfoils,respectively．Fig􀆰１(c)
showstheXRDpatternsofthealloyfoils．AscomＧ
paredwithstandardcards,thesamplemanifestedγＧ
[Fe,Ni]．Thediffractionpeakwaswide, whichinＧ
dicatedthatthegrainsizewasverysmall．Fromthe
wellＧknownScherrerformula,thecrystallitesizewas
about１０nm．

(a) Macrophoto; 　 (b)Surfacemicrostructure; 　 (c) XRDpattern．
Fig􀆰１．　OriginalelectrodepositedNiＧFealloyfoil．

　InordertoexaminetheinfluenceofheattreatＧ
mentonthemicrostructure,thesampleswereheatＧ
edat９００,１０００,and１１００°Cfor２－６h．BycomＧ
parisonandanalysis,thealloyfoilhadafineＧgrain
microstructure, mixedＧgrainmicrostructure,andcoarseＧ
grain microstructureasannealingtemperatureinＧ
creased,asshowninFig􀆰２．ThegrainswerethefiＧ

nestandmostuniformafterannealingat９００°Cfor
２h,asshowninFig􀆰２(a)．Whentheholdingtime
wasprolongedto６h, abnormalgraingrowthwas
observedonthesurfaceofthealloyfoilandthemaxiＧ
mumgrainsize(Dmax) was２５μm,asshowninFig􀆰２
(c)．Thenumberofabnormalgrainwassmall,and
thegrainsizewasfineinthemostofareaafteranＧ
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