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Structure-sensitivepropertiesofminorhysteresisloopshavebeencomparedwithVickershardness
andductile-brittletransitiontemperature(DBTT)obtainedbyCha叩yimpacttestforcoldrolledlow
carbonsteel.Minorloopsweremeasuredwithincreaslngmagneticfieldamplitude,Stepbystep,and
wereanalyzedinconnectionwiththerollingreduction.Wefoundthatminorlloopcoefficients
deducedfromrelationsbetweenminor-loopparametersincreasewithincreaslngrollingreduction
andhaveasimplerelationshipwithbothmechanicalproperties,Vickershardness,andDBTr･We
alsofoundthatthesecoefficientshavealinearrelationwithcoerciveforceobtainedbythemajor
loop-Thepresentanalysismethoduslngminorloopsishighlyeffectivefornondestructive
evaluationofductile-brittletransition,intermsofthehighsensitivltytOlatticedefectsaswellaslow
measurementfield.@2006AmericanInstituteofPhysics.lDOI:10.1063/I.2401048]

LlNTRODUCT10N

Nondestructiveevaluation(ND E)ofagingdegradation
ofstructuralmaterialshasbeencarriedoutforalongtime.
Varioustechniquesuslngeddycu汀ent,ultrasonicwave,
x-ray,magnedcpowder,etc.,arenowmatureandwidely
used.Generauy,thesetechmiquesareeffectivefordetecting
crackswithdimensiongreaterthan0.1mm.Nevertheless,
noneofND Etechniqueshavebeenemployedsofarasa
standardmethodtoevaluatedegradationbeforeinitiationof
cracking.
Magneticmethodisoneofprominentcandidatesfわr
ND Emethodtodetectsuchdegradation.Itiswell-known
thatthehysteresisloopISStronglyaffectedbylatticedefects
suchasdislocations,許ainboundaries,1mPuntyatoms,and
precIPltateS･1-3Bothexperimentalandtheoreticalworksre-
vealedsimplerelationshipsbetweenmagneticpropertiesand
disl∝ationdensitythatbothcoerciveforceandinverseof
initialsusceptibilityincreaseinproportiontothesquareroot
ofdisl∝ationdensity〟.Suchrelationsbetweenmagnetism
andlatticedefectsinferromagneticmaterialswererecently
summarizedbyKronmiillerandFalmleintheirbook･l
Minorhysteresisloops,whichareobtainedatmagnetic
fieldslessthansaturationfield,alsocontainmuchinforma-

tionaboutlatticedefects,althoughminor-loopproperties

stronglydependonmagnetic丘eldamplitudeHaandtheir
physicalmeanlnglSVague･4Recently,weanalyzedasetof
minorloopsinFeslnglecrystals,5･6polycrystalS,7and
A533Bsteels,8andfoundthatthereexistsimplerelations
betweenmhorllooppropertleS.Wefoundthatminor-loop
coefBcientsdeducedfromtheserelationsareindependentof

Hoandaremoresensitivetolatticedefectsthanthetradi-
tionalstructure-sensitivepropertiesofthemajorloop.This
analysisshowsthatminorloopscanbeapplicabletoND Eof
ferromagneticsteels.
HeavydoseofneutronradiationglVeSrisetothedegra-
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dationofpressurevesselsteelsbeforecrackinitiationThe
neutronradiationproduceshighdensltyOfpreclpltateS,pOlnt
defects,anddislocationloops,andhenceremarkablyde-
creasestheductilityofmaterials･9Atpresent,Charpyimpact
testiso山ythemethodfortestlngthedegradationinreactor
pressurevesselsandisthemostreliabletestfわrductile-
brittletransition.Thereactorsareusuallydesignedfor

40yearsofservice,buttheyarenowplannedtoextendtheir
lifetimeto60years.neintegntyofpressurevesselsis
evaluatedbyCharpyImpacttestthatisadestructivetestlng.
ThelackofCharpyImpacttestSamplespreinstalledinthe
nuclearreactorbecomesanurgentissue.
Ofourinterestisacomparisonofductile-brittletransi-
tiontemperature(DBTr)deteminedbyCharpyimpacttest
withthestructure-sensitivemagneticproperties.DBTrcan
bedescribedbydislocationmobilitywhenthehamm erco1-
hdeswiththesample.Inthebrittlestate,dislocationscannot
bedisplacedowlngtOObstacles,whileintheductilestate
aboveDBTT,dislocationscanovercometheobstacleswith

thehelpoftbemalactivationenergy･DBTTdependsonthe
obstaclesagalnStthedislocationdisplacementandisthere-
foresensitivetothedegradationofsteels.Inthepresent
study,dislocationswereintr∝lucedasobstaclesbycoldroll-
lmginlowcarbonsteelandtherelationshipbetweenDBTr
andstructure-sensitivepropertiesofmajorandminorloops
wasinvestigatedindetail･Theresultswouldbehelpfulfor
NDEofpressurevesselsin山epracticalapplication,血Ougb
obstaclesagalnStdislocationsmaybedi∬erent丘om血ose

producedbytheimdiationdamage.

ll.ANALYSISMETHODOFMINORHYSTERESlS
LOOPS

Preisachmodelhasbeenwidelyusedtoanalyze血nor

loops.However,buildingPreisachfunctionneedssomeef-
fort.Inordertosimplify theanalysis,Tom孟sproposedan
analysismethodbyuslngadifferentialsusceptibilitymatrix
calculatedftomminor-loopmeasurementsl4
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FIG･1.Magneticpropertiesofaminorhysteresisloop.

Ouranalysismethodofminorloopsisbasedonour

previousexperimentalresultsforFesinglecrystalS576and

polycrystals･7AsshowninFig･1,several血nor-loopprop-

?.n.1;Sc:eerclinvueOfdourcceedLTn:il.0,荒 .mpa:en:baznaeti:enM";漂 ::二
loophysteresislossW/,minor-loopremanenceworkWR.,*
andthreeminor-loopsusceptibilitiesxH'XR+'andxa+atH

=HJ,0,andHa,respectively.
Themagnetizationprocessbeforesaturationcanbedi-

videdconvenientlyIntothreestages.Withincreasingガ｡af-

terdemagnetizingthesample,Ma'showsagentleincreasein
the丘rststageandthensteeplyincreasesinthesecondstage,
followedbyagradualiJICreaSeOfMa事towardthesaturation
inthethirdstage.Themostpartofmagnetizationproceedsin
thesecondstagethroughthemovementofBlochwall.We

foundthatthereexistseveralrulesbetweenapairofminor-

looppropertiesinthe丘rstorsecondstageasfollows:7

W;-WFO(% )nF,

wR･-WRO(慧 )乃R,

Hc･-HcO(%)nC,
xR･-XTO(i)nT,
xa･-xso(% )ns･

inthesecondstage,and

Rc･=三 =RcOexp
XH (-bg),

(1)

(2)

(3)

(4)

(5)

(6)

inthefirststage･Here,WFO,WRO,HcO,xTO'xsO'andRcOare
minor-loopcoefBcientswhicharesensitivetolatticedefects

suchasdislocationsandgrainboundaries,andareindepen-
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TABLEI.ChemicalcomposidonsofS15Csteel.

S15c c(wt%) Si(wt%) Mn(wt%) Fe(wt%)

0.16 0.20 0.44 Balance

dentofHa.MsandMRarethesaturationmagnetizationand
remanenceofthemajorloop,respectively.neexponentsnF

andnRarenearly1.5beingindependentofmaterials,while

nc,nT,andnsareapositivevaluelessthanl･0andslightly

dependonthekindsofmaterials.Steinmetzstudiedthere-

lationbetweenWJ andMa'aboutacenturyagoandre-
portedthatnFisaboutl･6inthes∝ondstage･10Thisrelation
iswell-knownasSteinmetzlaw.

Theminor-loopcoefficientshaveusefulcharactersfor
ND Eintermsofthehighsensitivitytolatticedefectsaswell

asthelowapplied丘eldrequiredformeasurements.Also,
coerciveforceofthemajorloopISusefulpropertyrelatedto

dislocations.Inthispaper,wepresentthecomparisonbe-

tweenminor-loopcoefficientsandcoerciveforceinconnec-
tionwithcoldrollingreduction.

日.EXPERIMENTALPROCEDURE

Magneticpropertiesbothofmajorandminorloopswere
comparedwithmechanicalproperties,i.e.,∨ickershardness

andDBTrdetemi nedbyCharpyImpacttestforcoldrolled

low carbon"S15C"steel.Thechemicalcompositionsof
S15CsteelarelistedinTableI.

Thematerialwasannealedat1123Kfor1h,followed

bycoldrollingwi山0%-40%reductionatroomtemperature.

Microstructuresofdislocationsbeforeandaftercoldrolling

were obseⅣed with transmission electron microscope

(TEM).Thesampleswerethencutformagneticandme-
chanicalmeasurementsasshowninFig.2.

CharpyImpacttestWasPerformedwithapendulumof

27.6kG andhftangleof138.5oatvarioustemperatures

rangingfrom200to360K.TheprocessofCharpyImpact
testwasautomaticallyexecutedby血erobot,whichguaran-

teesthereproducibilityofthedata.FiveCharpysamples

weretestedateachtemperature,andboth thelargestand
smallestvalueswereeliminatedwhenaveraglngthedata.

VICkershardnesswasmeasuredwithloadof3(氾g.Tenmeg-

(a)

(b) IW
N｢tRO.25e

FIG.2.Sizeandshapeofsamplesfor(a)magneticmeasurementsand(b)
Charpyimpacttest.Thedimensionsareinmillim:ters･
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(C)

FIG.3.TEMmicrographsshowingdislocatlOnSinS15Csteelwi仙(a)0%,
(b)5%,and(C)20%rollingreduction.

surementswereca汀iedoutfわreachsample,andboththe

largestandsmallestvalueswereeliminatedforaveraged
data.

Magneticmeasurementswereperformedatroom tem-

peratureforapicture-fram esam plewoundwith180tum

excitlngand20turndetectlngcoils.AfterdemagnetlZlngthe

sample,minorloopsweremeasured,Stepbystep,within-

CreaslngHa,whilethemajorloopwasobtainedwithHa
=4kA/m.

lV.EXPERIMENTALRESUIJS

As isseeninTEM micrographsinFig.3,pIncreases

withrollingreduction.Beforethecoldrolling,PISlowand
dislocationsaredistributedhomogenouslyasshowninFig.

3(a).After20%reduction,dislocationcellsarefbmedand〟

becomestobemorethan1010cm~2asshowninFig.3(C).

Figure4showsabsorptionenergyaSafunctionoftem-

perature,obtainedbyCharpyImpacttestForsampleswith

nocoldrolling,theabsorpt10menergyChangesfrom183Jat
T=333Kto4.5JatT=201K,andDBTTisestimatedtobe

246K.Ontheotherhand,forsampleswith40% rolling

reduction,theabsorptlOnenergyat333Kdecreasesby40%
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FIG.4.AbsorptionenergyobtainedbyCharpyImpacttestforS15Csteel
withandwithoutrollingreduction.
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-ローVickershardness

ⅥckeTShardn粥8(Hy)

0 10 20 30 40 50

RoIIingreduction(%)

FIG.5.Vickershardnessandductile-brittletransitiontemperature(DBTT)
asafunctionofrollingreductionforS15Csteel.Theinsetshowstherela-
tionbetweenthesemechanicalproperties.

andDBTrincreasesremarkablyby35K.¶一edependence

ofDBTTandVickershardnessonrollingreductionisshown

inFig.5.Bothmechanicalpropertiesincreasewithrolling
reductionandshow almostthesamebehaviorwitheach

other.

Figures6-9show therelationsbetweenminoトloop

properties,i.e.,betweenW,'andMJ,betweenWR'and

MR',betweenHJandMR+,andbetweenRJ(=1/xH')and

HJ,forvariousrollingreduction,respectively.As canbe
seeninthelinearrelationinthedoublelogarithmicplot,the

relationsofFigs.6-8arewellrepresentedbyEqs.(1)-(3),

respectively,lnthesecondstage,whiletherelationbetween

Rc事andHJisexp,essedbyEq.(6)inthehrslstage.Simi-

1arly'therelationsbetweenxR'andMR'andbetweenxa+and

〟｡*werewell触edtoEqs.(4)and(5),respectively,inthe

secondstage.Theseleast-squaresfitsyieldedminor-loop

constantsofnF=1.59±0.01,nR=1.53±0.04,nc=0.44±0.04,

nT=0.22±0.01,ns=0.66±0･07,andb=3.8±0.3aswellas
minorlloopcoefficientsasafunctionofrollingreductionas

showninFig.10.0mecanclearlyseethatallminoトloop

coefficientsWFO,WRO,HcO,1/xTO'1/xsO'andRcOincrease

p.Ma'(T)

FIG.6.RelationbetweenW,'andMJforS15Csteelwithandwithout
rollingreduction.Thesolidlinesthroughthedatadenoteleast-squaRSfitsiJl
血esecondstage.
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FFoMR'(T)

FtG･7･RelationbetweenWR'andMR'forS15Csteelwithandwithout
rollingreduction･Thesolidlinesthroughthedatadenoteleast-squares飢sin
thesecondstage.

withincreaslngrOlhngreductionandshowthesimi1arde-

pendencetocoerciveforceofthemajorloopHcI

V.D】SCUSSlON

Twomechanicalproperties,VickershardnessandDBTT,
obtainedbymacroscoplCmeaSurementS,agreeWitheach

otherasshowninFig.5,althoughⅥckershardnessand

DBTrreflectmechanicalpropertiesnearthesamplesurface

andinsidethesample,respectively.Sincetherollingreduc-

tionco汀eSpOndstothevalueoffI,thisagreementsuggests

thatthevalueofponthesurfacehasalinearrelationwith

thatinsidethesampleirrespectiveofthespatialdistribution
ofdislocations.

DBTrgivesusthedirectinformationaboutductilityand

brittlenessfromamacroscopICViewpoinLOntheotherhand,
DBTrcanbeexplainedbythedislocationtheoryfrom a

microscopICviewpolnt.hCharpyImpacttestaboveDBTT,
thegreaterpartofthepotentialenergyofahammeris

changedintokineticenergyofdislocationsand也eplastic

deformationoccursthroughdisl∝atiOnmovement,whilein

p.MR'(T)
FIG･81RelationbetweenHc'andMfforS15Csteelwithandwithout
rollingreduction.Thesolidlinesthroughthedatadenoteleast-squares如sin
山esecondstage.
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0 100 200 300 400

Hc'(N m)

500

FIG･9･RelationbetweenRJandH/forS15Csteelwithandwithout
rollingreduction.Thesolidlinesthroughthedatadenoteleast-squaresfitsin
the丘rststage.

thebrittlestatebelowDBTT,Onlysmallpartofthepotential

energylStransferredintothekineticenergy.Forcoldrolled

samples,DBTTdependsonthenumberanddistributionof

dislocationsandbecomeshigherwiththeincreaseof∫).

VickershardnessreRectsthemeanfreepathofdisloca-

tionmovement.rmedepthofanindentationdependsondis-
locationmobilityunderconstantlocalpressure.Sincedislo-

cationsintroducedbycoldrollingplayasobstaclesand

restrictthedislocationdisplacement,Vickershardnessin-

creaseswithincreasingP.Thismicrostructuralmechanismof
dislocationmovement,whichissimilartothatinCharpy

impacttest,yieldsalinearrelationshipbetweenDBTrand

ⅥckershardnessasshownintheinsetinFig.5.
0ntheotherhand,disl∝ationsinteractwithmagnetic

domainwallsandin且uencetheirmovement.Accordingto

earliertheoryformicromagnetism,arrangementofmagneti-

zationisdetemi nedsoastominimizemagneticGibbsfree

energyconsistlngOfexchangeenergy,magnetocrystalline

a血sotropyenergy,magnetostaticenergy,andmagnetoelastic

energy･1Inferromagneticmaterialincludingdisl∝ations,the
Gibbs丘'eeenergylSloweredwhendomainwausarel∝ated
atdislocationsanddislocationsactasobstaclesforthedo-

mainwallmotion･rIbisiJldicatesthatmagneticproperties
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FIG.1I.Relationsofmagneticpropertieswith(a)Vickershardnessand(b)
DBTTforS15Csteel.Thedataarenomalizedtothelrinitialyalue.

Changewiththeincreaseof〟andbothmagneticandme-

chanicalpropertiesshouldhaveanintimateconnectionwith
eachotherthroughdislocations.Actually,bothminor-loop
coefficientsandHcshowasimplerelationbothwithVickers
hardnessandDBTTasshowninFig.ll.Notethatbecause
oftheexperimentaldifficultyofobtaininganaccuratevalue
ofDBTいherelationofFig.II(b)doesnotshowasmooth
change,Nevertheless,consideringalinearrelationbetween
DBTrandVickershardnessshownintheinsetinFig.5,We
concludethatDBTrisalsosimplyrelatedwithminorlloop

coefBcientsandHc･
Structure-Sensitivemagneticpropertiesdependonthe
densityanddistributionofdislocations.ItwasrevealedexI
perimentallyandtheoreticallythatHcincreasesinproportion
tothesquarerootofp･1sinceHcincreasesbytwotimesdue
to40%rollingreduction,thevalueof〟WOuldincreaseby
fourtimesatmost.However,theTEM observationshows

thattheincreaseof∫)lSmuchmorethanfourtimesevenfわr
20%rollingreductionasshowninFig.3.Suchalargedif-
ferenceintheestimatedvalueofpwouldbeattributedtothe

underestimateofpfortheinitialstatebytheTEMobserva-
tion,becausetheTEM observationislimitedtoverysmall
l∝alareawhileガ｡gives血einfomationon〟averagedover
wholesample.Infact,uslngthevalueofHcfortheinitial
state,pfortheinitialstatewasestimatedtobe～1010cm-2,1
whichisofthesameorderofmagnitudeaspfor20%rolling
reduction.Nevertheless,OurTEMobseⅣationindicatesthat

thecellstructuregrowsbycoldrollingandboththecell
structureandpcontributestothechangeinmagneticprop-
ertieseffectively.

Bothstructure-sensitivemagneticpropertiesandDBTT
aremacroscopicproperties.Whiletheformeristheproperty
averagedoverwholesample,thelateristhel∝almechanical
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FIG.12.RelationbetweenminorlloopcoefBcientsandcoerciveforcefor
S15Csteel.

propertynearthenotchofthesample･Ifdislocationsare
distributedhomogeneouslyinsidethesample,thesetwo

propertieshavethesamesourceindislocations.Thecrucial

differencebetweenthemisthefactthatmagneticproperties
canbeobtainedbynondestructivemeasurementswhile

CharpylmPaCHeStisdestructiveone.Thesimplerelation-

shipoftwopropertleSSuggeststhatthepracticalapplication

ofmagneticmethodstoNDEcanbeexpectedfわrthepres-

surevesselofnuclearreactors.Theneutrondamagecauses
variouskindsoflatticedefectssuchasvacancies,interstitial

atoms,voids,dislocationloops,cooperpreclpltateS,etC.,
whichdisturbdislocationmovementandmakethematerial

brittle.neselatticedefectswillinteractwithdomainwalls

asinthecaseofdislocations･1-3Quiterecently,weper-
formedinsitumagneticmeasurementsunderneutronradia-
tioninFemetalandpressurevesselsteelandanalyzedminor

loopsinrelationtotheseradiationdefects･11Itwasfound
血atthepresentanalystsmethodfわrdislocationsusingEqs.

(1ト(6)isalsoapplicablefわrradiationdefectsandthat
minor-loopcoefGcientschangeduringneutronirradiation
bothinFemetalandA533Bsteels.rIbeseresultscon負rmed

theapplicabilityofthemagneticmethodtoNDEofpressure
vesselsandfurtherstudiesforneutron-irradiatedsteelswill

appearelsewhere･

Finally,wediscuss血erelationbetweenminor-loopco-
efBcientsandcoerciveforce･As ShowninFig.12,minor-
loopcoefBcientshavealinearrelationwithHc.Thisindi-
catesthattheminor-loopcoefacientsareconnectedsimply

withガ｡andwitheacho血er･FromtheviewpolntOfthepo-
tentialofdomainwalldisplacement,Hcgivesusinfomation

onthehighestcrestofpotential,whiletheminor-loopcoef一

点cientsincludemeanvaluesof山ecrestheight,thetrough

depth,andthemobilityofdomainwallsatthespecialpolnt

ofpotential;7WFO,WRO,andHcOgiveinformationonthesize
andshapeofpotential,andxTO'xsO'andRcOrelatedtothe
minor-loopsusceptibilitydependonthemobilityofdomain

walls.Theminorlloopcoefncientsincreaseby2.4-3.8times

dueto40%rollingreduction,whereasガ｡increasesby2.1
times.Thedifferenceinsensitivityindicatesthatdislocations

exertalargerinfluenceonthelowerpartofpotentialthanthe
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highestcrestofpotentialandthatminorloopsarestrongly

in8uencedbythedistributionofdislocations.

Vl.CONCLUS10N

Ductile-brittletransitiontemperatureandVickershard-

nesshavebeencomparedwithstrucmre-sensitivemagnetic

propertiesofmajorandminorloopsforcoldrolledlowcar-

bonsteel.Coerciveforceaswellasminorlloopcoefficients

obtainedfromrelationsbetweenminor-loopparameterswere

foundtoincreasewithrollingreductionandshowasimple

relationshipwiththesemechanicalproperties･Moreover,the

minoトloopcoefAcientshavealinearrelationwithcoercive

forceandhaveseveralusefulcharacteristicsintermsofhigh
sensitivitytolatticedefects,amountofinformation,andlow

magneticfieldrequiredformeasurements.Theseresults

stronglyindicatethatthemagneticmethodseemstobethe

highlyprobableoneforNDEofnuclear pressurevessels

insteadofCha叩yImpacttest.
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