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Wehavemeasuredminorhysteresisloopswithincreaslngmagnetic-fieldamplitudeHastepbystep

andhaveanalyzedtheminconnectionwithlatticedefectssuchasdislocationsindeformedtow

carbonsteel･Wedefineseveralmagneticparametersintheminorloops:pseudocoerciveforceHc*,*
pseudoremanenceMR,PSeudosusceptibilityatpseudocoerciveforcexH,PSeudohysteresisloss

wF*,and pseudoremanence work WR*･ We find severalsimple relations between theJ(

pseudomagneticproperties,namely,MR /Mll*=9/10and3/5･andWR*/WF*=1/6and1/8,before
andafterplasticdefomation,respectively.TheserelationsareduetothesimilarltyOfminorloops.

SixmagneticcoefficientsthataresensitivetolatticedefectsandareindependentofH(,,aswellas

ofthemagneticfield,areobtainedfrom thepseudomagneticproperties.Thesecoefficientsare

effectiveparametersfornondestructiveevaluationofdegradationbeforetheinitiationofcracking.

Theminor-loopmethodhasseveraladvantagesfornondestructiveevaluationcomparedwiththe

traditionalmethoduslngmajorloops.ThecoefhcientscangiveuSmuchinformationaboutlattice

defectswithhighaccuracy.Themeasurementscanbedoneatlowmagnetic缶eldslessthan200e

andtheHastepdoesnotnecessarilyhavetobefinetoobtaindetailedinformationbecauseofthe

similarityofminorloops.@2005AmericanInstituteofPhysics.lDOI:10.1063/i.1999853]

LlNTRODUCTlON

Therelationshipbetweenmagnetismandlatticedefects

infe汀OmagneticmetalswasstudiedbytheStuttgartgroupat

theMax-Planckinstitutefourdecadesago十3Thesensitive

propertiesofamagneticstructul●earerepresentedbythedis-

locationdensltyPanditsdistribution;thecoerciveforceHc
increasesinproportiontothesquarerootof∫),andtheinitial

susceptibilityx,decreasesininverseofthesquarerootofp.

Therelationshipwasexperimentallycon伝rmedinNi,Co,

andFeslnglecrystals.Thesemagneticpropertiesobtained

frommajorhysteresisloopscontaininformationondomain-

wallpotential.Systematicstudyofthisrelationshiphasbeen

summarizedbyKronmulerandFahnle･4

Recently,weroundamethodofanalyzlngminorhysteト

esisloopsforFeslnglecrystals,whereseveralpseudomag-

neticpropertieswereintroduced,5,6pseudocoerciveforce

Hc*,pseudoremanenceMR･'PSeudohysteresislossWF*,
pseudoremanenceworkWR,andthreepseudosusceptibili-*
ties,xR'XH*'andxa･Thesesusceptibilitiesrepresent1800
wallmobilityateachpolntOfthepotential.Wecanobtain

infomationonthepotentialenergyfordomain-walldis-

placementfromthesepseudomagneticproperties.Theinfoト

mationaboutthepotentialobtained什omtheminorloopsis

morepreciseanddetailedthanthemagnetostmcturesensi-

tivepropertiesofthemajorloops.Thepotentialenergyde-

pendsonlatticedefectssuchasgrainboundaries,vacancies,
interstitials,lmPul･ltyatoms,voids,anddislocations･7

0ur interestis the extension of the minoトloop

methoddevelopedforFemetalsandalloystoA533Bsteel

withplasticdeformation.A533Bsteelislowcarbonsteel

(0.18wt%C,0.15wt%Si,150wt%Mn,0.03wt%Cu,

0.66wt%Ni,0.56wt%Mo,balanceFe),andisusedinthe
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pressurevesselofnuclearreactors.Nondestructiveeva一ua-

tionofdegradationisthemostimportantandurgenttheme

forthepressurevessel,sincethedegradationofthepressure
vesseldeterminesthelifetimeofthenuclearreactor.The

purposeofthepresentstudyistoexaminetherelationbe-

tweenmagneticpropertiesofminorloopsanddislocationsin

A533Bsteel･Thepresentmethodbasedonminorhysteresis

loopsisusefulfornondestructiveevaluationandismore

advantageousfわrnondestructivetestscomparedwiththetra-

ditionalmajor-loopmethodwherecoerciveforce,initialsus-

ceptibility,andRayleighconstantaredetermined.Forex-

ample,themagnetic-fieldamplitudeofminorloopscanbe

smallenoughtoobtainthedetailedinfomationaboutdislo-

cations.InA533Bsteelwithoutplasticdeformation,forex-

ample,themagnetic-fieldamplitudelessthan200eis

sufficient･7ThesensitivityOftheminor-loopmethodisalso

ofinterestinthepresentstudy.

ll.EXPERIMENTALPROCEDURE

WepreparedsamplesofA533B steel,whicharethe

sameasthoseinRef･8･DuringthemanufacturlngProcess,
theA533Bsteelwasaustenitizedbetween860and890oC,

followedbywaterquenchingandtemperlngProcessesbe-

tween650and665oCfor139min.Thegl･ainsizeofthe

A533BsteelsamplesdeterminedbymetallurglCalmicros-

copylSabout10〝m.Eachsamplewasdeformedintension

atl･001mtempel･atureinanlnstron-typetestingmachineand

wasthencutintoadoughnutshape,asshowninFig.1.The

magnetizinganddetectlngcoilswith80andlooturns,I･e-

Spectively,Werewoundonthesesamplesandthemagnetiza-

tioncurvesweremeasuredatroomtemperatureuslnga月ux
meter.Itwasascertainedthatthemeasuredresultswerein-

98,033909-1 @2005AmericanInstituteofPhysics
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FIG.5.There)ationtx'tweenpseudohysteresislossW/andpseudorema-
nencewR'forA533Bsteelsampleswithtensiledeformation.

Figure4shows山e〟｡dependenceofpseudocoercive

forceHc.lThevalueofHc'increasesrapidlywiththein-
creaseofHainthesecondstage,theincreasebecomessmall

inthethirdstage,andHc'ishnallysaturated･nesaturation
of〃C●occursabove150ebeforeplasticdefb-ation,while
itdoesnotevenat500eforthesampleswithplasticdefor-

mation･TherelationbetweenHcrandHaineachstagede-
pendsontheappliedstress･Thevalueor〃〃atwhichthe

thirdstagestartsshiftstoalargerfieldwithincreaslngtrue
stress.

ThesimilarityOfminorloopscanbeexaminedbycom-
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FIG･6･Thel･elat10nbetweenpseudoI･emanenCeMR'andpseudomagnetiza-
honM,:fo･･A533Bsteelsamplesw-th-ensiledeforma(ion.
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荒 nfe霊 nwiFetwweFe+nan;Ry Ra+ndwitk,Yac*a'nsebeeFipg.sitt5edan.dn6'i
straightlineinthesecondstageexceptatlargevalues,as

showninFig.5.Theslopeofthestraightlineisabout6.0

beforeplasticdefbmationandabout8.0afterplasticdefbト

mationinthesecondstage:WR'/W/=1/6andI/8before
andafterplasticdeformation,respectively.Thedeviation

fromthestraightlineatlargeWR'resultsfromearliersatu-

rationofWR*thanW/ .ThesaturationofWR'canbeex-
plainedintermsofthecriticalenergyorlglnatlnginthemag-

netostaticenergy･5TherelationbetweenMa'andMR'Canbe
alsoplottedonastraightlineinthesecondstagebelow

MR'=5X103andl･5X104Gforsamplesbeforeandafter
plasticdefbmation,respectively,asshowninFig.6.The

gradualdeviationofMR*fromthestraightlineatlargeMlI
iscausedbythesameorlgln,thecriticalenergy･5whilethe

ratioofMR*/MlI*isabout9/10beforeplasticdeformation,it
drasticallychangestoabout3/5duetoplasticdefわrmation

andisindependentoftruestress.Theseexperimentalfacts

suggestthattheminorhysteresisloopshaveasimilarfigure

inthesecondstagebeforeandafterplasticdefわrmation.This

indicatestheshapesimilarltyOf1800wallpotentialinthe

secondstage.

ThepseudohysteresislossW/isthefrictionalenergyof

1800wallinonecycleofaminorloopandMa*corresponds
tothepotentialenergyatH=Hawhichisthehighestenergy

inoneminor-loopcycle･ThepseudoremanenceworkWR*is
theworktodisplacethedomainwallfromthetroughtothe

crestofthepotential,andthepseudoremanenceMR'corre-
Spondstothetroughofthepotential.1mourpreviouswork

forFesinglecrystals,7wefoundtherelationsbetweenWF*
andMlI*andbetweenWR*andMR'inthesecondstage,
whicharerepresented,respectively,by

W;-WFO(% )nF

wR*-Who(欝 R

and

(1)

(2)

Here,WFOandWhoareenergy-lossandtrough-depthcoeffi-
cients,respectively･Fromleasトsquares別suslngMsandMR
obtainedatHa=1000e,nF andnR Werefoundtobe

l･51±0･06andl･42±0･03,respectively,asshowninFigs.7
and8.SuchvaluesareclosetothoseobtainedforFemetal

anditsalloys(a,=nR=1.5)reportedpreviously,7indicating

thatbothnFandnRarenearlyindependentofkindsofma-

terialsanddislocationdenslty･AssumlngthatnF=nR=I･5for

A533Bsteel,thedependenceofWFOandWHOontruestress
wasobtained,asshowninFig.9(a).

TherelationbetweenFIc'andMR*presentstheheightof
crestsinthepotentialandcanberepresentedby

Hc･-HcO(%)''C, (3,

whereHcOisacrest-heightcoefficientproportionaltothe
potentialheight･7As isseenintheleast-squaresfitsinFig･

10,wefoundthatwhilethevalueofncis0.33±0.03below
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FIG･10･TherelationbetweenpseudocoerciveforceFIcandpseudorema-
nenceMJforA533BsteelsampleswlthtensiledeformationinlogarithmlC
scales.Thesolidlinesdemo(etheleast-squaresfitsofthedatainthesecond
stageandtheslopesof0.50and0.33areshownforcomparisonwlththe
observedslope.

x,.決-XSO(鷲 )lis, (6,

respectively･Here,XTOandXSOaremobilitycoefhcients

whicharerelatedwiththemobilityatthepotentialtrough

andtheaveragedmobilityofthe180owall,respectively.nT

andnsareconstantanddependonkindsofmaterials･7while
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FIG.12･TherelationbetweenpseudosuscepllblIityxR'andpseudorema-
nenceMR'forA533Bsleelsampleswi(h(enslledeforma(ion･Thesolldlines
denotetheleast-squaresfitsofthedatalnthesecondstage.

thevalueofnTISalmostindependentoftruestressandis

0.19±0.03,nsis0.92±0.08and0.58±0.06beforeandafter
plasticdeformation,respectively.AsshowninFig.9(C),both

XTOandXSOdecreasemonotonicallywithincreasingtrue

stressabove(rc.

Thein月uenceoftruestressonthe1800wallpotential

andthemobilityofthe1800wallcanbequantitativelyevalu-

atedfromthemagneticcoefficientsWFO,WRO,HcO,RcO,xTO'
andxsO･Inview ofresidualinternalstress,thetruestress
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FIG 13･Therelationbetweenpseudosusceptib･liryx(:andpseudomagne-
tizationM JforA533BsteelsampleswithtensiledeformatlOn.Thesolid
一inesdenotetheleast-squaresRtsoflhedarnlnthesecondstage.
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bothofnondefo-edand463-MPasampleswouldbejust

below(Tc,becausethetruestresscorrespondstodislocation
densltyandalargenumberofdislocationswithp=3

×1010cm-2existevenbeforeplasticdeformation･8There-

fore,JcWOuldcorrespondtothedislocationdensltylnthe
initialstate･Thisisreasonwhythemagneticcoefhcientsare

almostconstantbelowJc,asshowninFig.9.Withincreas-
1ngtrueStressabove(Tc,however,themagneticcoe用cients

WFO,who,HcO,andRcOlargelyIncrease,aSShowninFigs･

9(a)and9(b).Theenergy-losscoefhcientW,0,thetrough-

depthcoefRcientWHO,andthecrest-heightcoefhcientHcO
glVeuSinformationaboutthemagnitudeofthepotential,the

averagedepthoftroughs,andtheaverageheightorcrests,
respectively･7Thecrestandtroughincreasewiththeincrease

oftruestressinA533Bsteel.ThecoefncientsRcO,xTO'and
xsocorrespondtotheresistanceandmobilityofthe1800
wallatthespecialpolntSOfthepotential.Theresistanceof

the1800wallincreasesanditsmobilitydecreaseswiththe

increaseoftruestress,asshowninFigs.9(b)and9(C).The

changeofthecoefficientswithtruestressagTeeSwi(hour
expectation.

lV.DISCUSS10N

ForoursamplesofA533Bsteel,thegrainsizeisabout

10〝mandbothprecIPltateSandimpurltyatomsexistinthe

initialstate･rnledislocationdensityPestimatedbyTEM is

3×1010cm12,butitcontainslargeexperimentalerrorbe-

causetheindividualdislocationscannotbeidentifiedforp
higherthan5×1010cm-2･Thevalueofpat712MPawould

bebelow1011cm-2andincreasesbythreetimesatmostby
thetmestressof712MPa.Ontheotherhand,thecoercive

forceincreasesby70%bythetruestressof712MPa.The

twoincreaslngratesareCOnSistent,since〃Cincreasesin
proportiontothesquarerootofthedislocationdenslty･2

ThesimilarltyOfminorloopscanbeexaminedbycom-

paringHc串wifhHa,WR'wilhW了,andMa♯withMR～-(see

Figs.4-6).TherelationbetweenWR'andW,andbetween

MaヰandMR串canbeplottedonastraightlineinかstand
secondstagesforallsamples･WR'/WF*andMR･/MlJare

I

aboutI/6and9/10belowolc,buttheychangetoabouti/8

and3/5above(rc,respectively.ForFeslngle-crystalandA

E霊 :ery三tnailianfeteS,aF.慧 TeRf./r慧 t.=.二./596aideThRa二g"elLI.=f3t/h:

slopeofWR*/W{ meansthattheworknecessaryforthe
180owalltoclimbup什omthet1-0ughofthepotentialbe-
comessmallduetoplasticdeformationinA533Bsteel.The

changeoftheratio,i.e.,WRY/WF'andMRへ-/M,:afterplastic
deformationtakesplaceexcept10nallyinA533Bsteeland
impliesthatthesimilarltyOfminorloopschangesbyplastic

defbl~mationinA533Bsteel,thoughthereasonisvagueat

present.AfterplasticdeformationbothWR*/WF*=I/8and

MR*/ME:=3/5holdtrueindependentoftheamountofplas-

ticdeformation･TheratioWR'/WF'con･eSPOndstorelative
ratioofthetroughdepthtotheaverageslopeofthepotential.

Therearrangementofdislocationswouldmakethetrough
I-elativelyshallowinA533Bsteel.Thecellstructurewhichis

formedandadvancedbyplasticdeformationwouldcontrib-
utelothegrowthofcrestsratherthanoftroughs.
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FIG 14.Comparisonbetween(hemagneIICCOefficien(sandcoerciveforce
HcforA533Bsteelsampleswithtens)IedeformatlOn.

Theminor-loopconstantsnFandnRinEqs.(i)and(2)

arei.51j=0.06andl.42j=0.03,respectively,whichareclose

to nF=nR=1.5 0fFeslngle-crystal and polycrystalline

samples,anditsalloys･7Thisagreementindicatesthatthe

〟-〟relationinminorloopscanberepresentednearlyas
〟 ∝〃2inA533Bsteelwithplasticdeformation･Ontheother

hand,inA533Bsteel,ncchangesfromO･33to0.500wlngtO

plasticdeformation,althoughncisO･45andindependentof

truestressinFesingle-crystalandpolycrystallinesamples･7
ThevalueofncafterplasticdeformationinA533Bsteelis

reasonableifthe〟一〃relationinminorloopsisrepresented

asM ∝H2.Though theorlglnOfnc～033beforeplasticde-

formationisunclear,thevalueofnc～0.50afterplasticde-

formationisconsistentwiththevalueofminor-loopcon-
stant,nF=n尺=1.5inA533Bsteel. *
ThethreepseudosusceptibilitiesxR,XFI'&,andxJcanbe
representedbyEqs.(4)-(6),respectively.Weobtainedthe

constantsb,nT,andnswhosevaluesarechangedbyplastic
deformation;bandnsare～5･8and～0･92andchangedt0
-3.5and～0.58afterplasticdefわrmation,respective一y,
whilenTIS～0.19andisinsensitivetoplasticdeformation.

Theconstantb(～5.8)beforeplasticdeformationisconsis-
tentwiththatofourpreviousresultsforFesingle-crystaland

polycrystallinesamples,7althoughb=3･5holdstrueafter

plasticdefわrmationfわrA533Bsteelindependentofdisloca-

tiondenslty.Thechangeofbandnsafterplasticdeformation

mayreflectthechangeofthesimilar-tyofminorloopsas

wasobservedforthestressdependenceofWR'/W/ and
MR*/Ma*showninFigs･5and6･
TherelationbetweenHcandphasbeenstudiedindetail

bytheStuttgartgroupattheMax-Plancklnstitute･3･4coer-

civeforceisatraditionalmagneticproperty,however,the

magneticcoefficientsobtainedfromtheminorlloopmethod

areunfamiliar.ComparisonofthesecoefficientswithHc
wouldgiveusanintuitivemeanlngOfthecoefficientsand
wouldhelpustounderstandtheirreliability.Figure14Shows

thecomparisonbetweenthemagneticcoefficientsWFO,WRO,

Nco,nco,1/xTO'and1/XSOwithcoerciveforce,HcIThe
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ValueofHcwasobtainedfrom amajorloopwithHa
=l00 OeandbothXTOandXSOareplottedbytheirreclpr∝al
value.Simpleproportionalrelationsexistbetweenthemag-
neticcoefficientsandHc,sincethesemagneticproperties
wereobtainedbyuseofthemagneticdomainwallasasen-
sor.

ver芯 ip?.ndtehna;e.fOL TR:,.tTFX RinadndHkocooTntcTeeassireatssthl…
samerateasHc'butWFOincreasesby60% inthesame
range.Thesethreecoefficientswouldhavethesamerelation
withpasHcinA533Bsteel.Thesmalldifferencebetween
the伝rs【twocoefficientsandthelastwouldbeattributedto

themicr o -andmacrostructuresofthepotentialduetothe

distributionofdislocations･HcOandWROcorrespondtothe
heightoFcrestsandthedepthoftroughs,respectively,and
theyaremoresensitivetothedistributionofdislocations

thanWFOinA533Bsteel･nco,I/xTO'andi/XSOcorrespond
totheresistanceofthe1800wallaHhecrest,thebottomof

thetrough,andtheaverageslopeofthepotential,respec-

tively.nlemobilityofthe180owallissensitivetodisloca-
tionsbothatthecrestandtheaverageslope,andinsensitive

aHhebottom ofthetrough(seeFig.14).Thismobility
wouldbethecharacteristicofA533Bsteelandcanbeex-

plainedbythedistributionofdislocations･Thecellstructure
advancesandthevalueofpIncreasesinthecellwallby

plasticdefわrmationinA533Bsteel･Theincreaseof∫)WOuld
mainlycontributetothemacrostructureofpotential,notto
themicrostructure.

TherelationsofEqs･(4)-(6)deviateincompa空 ｢with
thoseofEqs.(1)-(3),thoughtheformeraremoresensltlVetO
dislocationsthanthelater(seeFigs.7,8,and10-13).The

deviationofthepseudosusceptibilitiesistheirfundamental

character.Thepseudosusceptibilitiesdependonthemobility
ofthe180owallinthepotentialwithafractalstructure.The

mobilitychangesaccidentallyevenatthebottomoftrough,
whichseemstobethemoststablepolntamongthreespecialt
polntSOfthepotential･ThepseudopropertiesWF,WR',and

Hc reflecttheaveragestructureofthepotentialandare
insensitivetothefractalstructureofthepotential.

ThecoefGcientsglVeuSmuchinformationontheinter-
nalstructureincludinglatticedefectsandareusefulfornon-
destructiveevaluationofdegradationinfe汀Omagneticmate-
rials.The coefficients have several advantages for
nondestructiveevaluationcomparedwiththetraditionalpa-

rametersobtainedfrom majorloops･Oneofthem isthe
smallmagneticfieldrequiredformeasurements;themajor

loopcanbeobtainedbytheapplicationofthemagneticfield
higherthan100OeinA533Bsteel,whiletheminorloops
canbeobtainedbythemagnetic厄eldlessthan200e･This
advantageisusefulinthedesignofequlPment･Asetof

minorloopsyieldsussixmagneticcoefficientsandthein-
formationaboutthedegradationismuchgreaterthanthat
availablewithmajorloops.Thedisadvantageoftheminor-

loopmethodisthenecessltyOfalargenumberofminor
loops･Ⅰtispossible,however,todecreasethenumberby
takingadvantageofthesimilarityOfminorloops･
TheinitialsusceptibilityxiCanbeobtainedfromthe
vlrglnmagnetizationcurvesshowninFig.3･Thevalueofx,
containsmoreexperimentalerrorsthanHc･Themagnetiza-

J.Appl.Phys.98,033909(2005)

liondoesnotincreaselinearlyneartheorlglnanditisdiffi-
culHodrawastraightlineattheorigin.Thenonlineanty
neartheonglniscausedbytheirreversiblemagnetization
processintheinitialstage.Wecouldnotobservetherevers-
iblemagnetizationprocessattheinitialstageeveninFe
single-crystalsamples･5,6Therelationbetweenxiandpcan
betheoreticallyobtainedonthesuppositionorthereversible
process･4Theoretically,Rayleighconstantαdecreasesinin-
verseproportiontop･4Thereliablerelationbetweenaand
truestresscouldnotbeobtainedfrom themagnetization
curvesshowninFig.3.Thiscanbeduetothefactthatthe

curvesshowninFig.3arenotexactlythesameasthevirgin
magnetizationcurvesortheRayleighruledoesnotholdtrue
inA533Bsteel.Theexperlmentalresultsofx,.andaarenot
introducedinthispaper.
Degradationproceedsbyneutronimdiationinthe

nuclearpressurevessel.Wehaveconfirmedthatmagnetic
coefGcientsobtainedfromminorloopsaresensitivetodeg-
radationinA533Bsteel.TherelationbetweenthecoefRI

cientsandthedegradationbyneutroni汀adiationwillbere-

portedinthenearfuture.

V.CONCLUSIONS

Theinnuenceofdislocationsonthe1800walldisplace-
mentinA533Bsteelwasexaminedexperimentallybyan
analysisOfminorhysteresisloopsfromtheviewpolntOfthe
potentiaLrolefollowlngCOnClusivefindingswereforthcom-
1ng･

(I)Theminorhysteresisloopsaresimilarinthesecond
stageindependentofthemagnetic-fieldamplitude,and
thereexistseveralsimplerelationsbetweenthepseudo一

magnetic properties=WR*/W/=l/6 and I/8 and
MR*/M(]*=9/10and3/5beforeandafterplasticdefor-
mation,respectively.

(2)ThemチgneticcoefficientsW,0,wRO･andHcOyieldin-
format10nOntheinternalstructureincludinglatticede-
fectssuchasdislocations･Withincreaslngdislocation

denslty'bothWHOandHcOlargelyIncrease,indicatlng
thattheheightofcrestsandthedepthoftroughsin-
Creasewiththeheightofthepotential.

(3)ThemagneticcoefhcientsRcO,x,0,andXSOyieldinfol･-
mationon1800wallmobilityatthecharacteristicpolntS

ofthepotential･Amongthem,ncoandtherecIPrOCalof
xsoshowalal･geincl･eaSewithdislocationdenslty･This
meansthatthe1800wallmobilitylSVerySensitiveto
dislocationsalthecrestandtheaverageslopeofthe
potential.

(4)Themチgneticlhelda.mplituderequiI'edtoobtainthe
magnetlCcoefficientsISmuchlowerthanthatformajor
loopsandislessthan200eforA533Bsteelwithplastic
deformation.

(5)Themagneticcoefncientsareeffectiveforinvestigation
oflatticedefects,becausetheygivemuchinformation
aboutthepotentialofthe1800wallandaremoresensi-

tivethanthemagneticpropertiesobtainedfrommajor
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loopssuchas〃C.Therefore,theminor-loopmethodis

usefulfornondestructiveevaluationinthedegradation
ofA533Bsteel.
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