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Abstract:Shearbandsplayakeyroleintheplasticdeformationofmetallicglasses(MGs)．EventhoughthereareexＧ
tensivestudiesontheinitiationandpropagationofshearbands,theinteractionsamongthemhavenotbeensystematＧ
icallystudiedyet．Theinteractionsbetweentheprimaryshearbands(PSBs)andsecondaryshearbands(SSBs)ina
ductileZrＧbasedMGwerestudied．TheresidualstressnearPSBscandeflectthepropagationdirectionandreducethe
propagationvelocityofSSBs,whichcontributestotheplasticityandtoughnessoftheMG．Itwasdemonstratedthat
theprobabilityandstrengthoftheinteractionsbetweenPSBsandSSBswouldbecomestrongerforMGswithlarger
Young′smodulusandsmallershearmodulus,i􀆰e􀆰,largerPoisson′sratio．TheseresultsarevaluableinunderstandＧ
ingtheplasticdeformationofMGsandmaybehelpfulindesigningnew MGswithdesirablemechanicalproperties．
Keywords:bulkmetallicglass;shearband;interaction;plasticity;serration

　　Bulkmetallicglasses(BMGs)havepromising
applicationsasthestructuralmaterialsduetotheir
superiormechanicalproperties,e􀆰g􀆰,excellentelasＧ
ticity,highstrengthandhighhardness．However,
thelimitedductilityhasalwaysbeenaninherentobＧ
staclefortheirapplications,andextensiveefforts
havebeendevotedtodevelopingtheductileBMGs[１Ｇ３]．
IthasbeenwidelyrecognizedthattheirplasticdeＧ
formationsattemperaturesfarbelowtheglasstranＧ
sitiontemperatureusuallyoccurviatheformationof
shearbands (SBs)．Thenucleation[４Ｇ８],propagaＧ
tion[９Ｇ１４]andinteraction[１５,１６]arethreekeyprocesses
fortheSBoperation．ThenucleationofSBsderives
fromtheactivationandpercolationoftheflowunits,
alsocalledassheartransformationzones[１７,１８]．The
activationofflowunitsisathermallyactivatedpheＧ
nomenon,whoseactivationenergyisquitecloseto
thatofthesecondaryrelaxationsinBMGs[１９]．The
propagationspeedofSBscanbeashighasthesound
velocity[２０,２１],whichismuchfasterthantheslipveＧ

locityofthesampleonthetwosidesofaSB[１０]．The
propagationofSBsisastressＧcontrolledbehavior．
ForanasＧcastBMGsample,theSBpropagationis
usuallyabout４５°totheuniaxialcompressiondirecＧ
tion[２２]．WhenintroducingstresswithdirectionsdifＧ
ferentfromthatofthenaturalSBpropagation,they
willchangetheirpropagationdirections,alongthe
new maximum shear stress orientation．Various
methodshavebeentriedtointroducetheresidual
stresstochangethepropagationdirectionofSBs,
andhaveprovedtobeeffectiveinimprovingtheapＧ
parentplasticityofBMGs[１１,１３,１４,２３Ｇ２５]．Eventhough
therearemanyresearchesontheinitiationandpropＧ
agationofSBs,fewisknownabouthowtheyinterＧ
actwitheachotherandcontributetotheplasticity
duringdeformation[１２]．
　　Inthisstudy,theinteractionsofSBsinaducＧ
tileZrＧbasedBMGwitha１７％compressiveplasticity
wereinvestigated．Duringtheplasticdeformation,
plentyofSBswereformed,whichcorrespondtothe



serrations(stressdrops)inthestressＧstraincurve．
TheonesformedwithlargestressdropscanbedeＧ
finedasprimaryshearbands(PSBs),whiletheones
causingonlysmallstressdropscanbedefinedas
secondaryshearbands(SSBs)．ItwasshownthatSSBs
usuallyinitiatedfromaPSBandthattheirslidingdiＧ
rectionsusuallygotdeflectedwhenpropagatingin
thevicinityofaPSB．AqualitativemodelwasproＧ
posedtodemonstratetheinteractionsamongthe
SBsandtheirrelationswiththepropertiesofBMGs．

１　Experimental
　　Themasteralloywithnominalcompositionof
Zr５２Cu１８Ni１５Al１０Ti５ (at􀆰％)waspreparedbymeltＧ
inghighpurityelements(＞９９􀆰９mass％)usingthe
arcmeltingfurnaceundertheprotectionofAratＧ
mosphere．Then,themasteralloywasremeltedina
quartztubeusinganinductionfurnaceandsubseＧ
quentlyinjectedintoacoppermoldtoformtheBMG
rodswith２mmindiameter．Theamorphousnature
oftherodswasconfirmedbyXＧraydiffractionand
differentialscanningcalorimetry (datanotshown
here)．Samplesinthedimensionofϕ２mm×４mm
wereusedforquasiＧstaticcompressiontestswitha
strainrateof１０－４s－１．Thesurfacemorphologiesof
thesampleandSBdistributionswerestudiedusing
thescanningelectronmicroscope(SEM)．

２　ResultsandDiscussion
２􀆰１　SerrationbehaviorsoftheBMG
　　Fig􀆰１showsthenominalcompressivestressＧ
straincurveoftheBMG．After２􀆰１％ elasticdeＧ
formation,thesampleexhibits１７％ plasticitybeＧ
forefracture．TheplasticstraincurveattwodeＧ
formationstagesismagnifiedandshownintheinＧ
sets．Duringthesteadyplasticdeformation,multiple
stressdrops(seetheleftinsetinFig􀆰１)exist,which

Fig􀆰１　CompressivestressＧstraincurveofBMGat
strainrateof１０－４s－１

areattributedtotheformation of multiple new
SBs[７]．Inthissteadyserration,themaximumstress
drop(approximately０􀆰０３GPa)isabout１􀆰６％ of
theyieldstress(Re＝１􀆰９GPa)．Whenapproaching
thefracture,thestressdropsincreasetoashighas
３􀆰４％ oftheyieldstress,whicharenotstableand
attributedtothestickＧslipslidingmovementofPSＧ
Bs[２６,２７]．
　　Then,thestressdropsduringtheplasticdeＧ
formation are studied statistically,as shownin
Fig􀆰２．ThestressdropversusthecorrespondingfreＧ
quencycountisplottedinFig􀆰２(a),whichcanbe
wellfittedbyapowerlawrelation,y＝０􀆰０１４９x－１􀆰４１．
Thisdemonstratesthattheplasticdeformationin
thisalloyisaselfＧorganizedcritical(SOC)state,
whichisquiteconsistentwiththepreviouslyreporＧ
tedresultsinotherductileBMGs[７,２８]．TheemerＧ
genceoftheSOCstatealsoindicatesthattheeffect
ofshearbandinteractiononthedynamicbehaviors
duringthedeformationof MGs mustbeconsidＧ
ered[７]．The normalized cumulativecountversus
stressdropisshowninFig􀆰２(b)．Itcanbeseenthat

Fig􀆰２　Doublelogarithmicplotofstatisticalanalysisofstressdropdistributionatserrationplasticdeformation
range(a)andcumulativecountofstressdropsduringserrationplasticdeformation(b)
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thesmallstressdropscausedbytheSSBscontribute
muchmore,comparedtothelargestressdropsby
PSBs．Giventhatthemaximumstressdropduring
thesteadyplasticdeformationisabout０􀆰０３ GPa
(seetheleftinsetinFig􀆰１),theamountofsmall
stressdropsthatarelowerthan０􀆰００６GPa(１/５of
themaximumdrop)isabout６０％ofthetotaldrops．
Thus,theformationofSSBsisveryimportantfor
theplasticdeformation,anditisworthytostudy
theirpropagationbehaviorsandinteractionswiththe
PSBs．

２􀆰２　InteractionsbetweenPSBsandSSBs
　　Duringtheuniaxialcompression,thepropagaＧ
tiondirectionofaSBisdeterminedbythemaximum
shearstressplane,whichisusuallyabout４５°tothe
compressiondirection．ThepropagationofaPSB,
whichisaccompaniedbythereleaseoflargeshear

strainenergy,usuallyfollowsthe４５° behavior．
However,theSSBscanchangetheirdirectionswhen
propagatingclosetothePSBs,duetotheresidual
stressaroundthePSBs．AsshowninFig􀆰３(a),the
SSBsinitiateatPSBＧ１andpropagatetoPSBＧ２,and
cleardeflectioncanbeobservedforagroupofSSBs
whenthey propagateapproachingthepreＧexisted
PSBs．Aschematicimageillustratingtheinteraction
betweentheSSBsandPSBsisshowninFig􀆰３(b)．
Thedarknessrepresentstheintensityofresidual
stressorstrain．TheresidualstressofthePSBhasa
widerdistributioncomparedtotheSSBs．Whenthe
SSBspropagateclosetothePSB,thedirectionsof
SSBsdeflectduetotheoverlappingofthePSBresidＧ
ualstressandexternalstress．TheSSBsmaypropaＧ
gatethroughthePSBorhaltatit,becausethedrivＧ
ingenergyofSSBswillbedissipatedduringthedeＧ
flection．

Fig􀆰３　SEMimageofdeformedsamplesurfacecomposedoftwoPSBsandmanySSBs(a)andschematic
imageforpropagationtraceofSSBsunderexternalstressandpreＧexistedPSBresidualstress(b)

２􀆰３　FormationofSSBs
　　Fig􀆰４(a)exhibitspartoftheSBinteractionsafＧ
terthedeformation,andFig􀆰４(b)givesthemagniＧ
fiedimagenearposition “３”inFig􀆰４(a),showing
theSSBsactivatedbytheSBinteractions．Theblack
linesmarktheslidingdistancesatdifferentpositions
oftheshearbanding,recognizedbytheinterruption
andmovementofthepreＧexistedSBsinFig􀆰４(a),
andbytheshearbandingstepsinFig􀆰４(b),respecＧ
tively．Theslidingdistancesoftheshearbandingare
plottedversusthepositionofmeasuringsites(using
“d”torepresent),asshowninFigs􀆰４(c)and４(d)．
Thedatacanbefittedverywellbylinearequations
withtheslopesof０􀆰１３８and０􀆰０５２,respectively．

FromFig􀆰４(a),itcanbeobservedthatevenalonga
PSB,thedisplacementsatdifferentpositionsarenot
thesame,graduallydecreasingfromthetoprightto
thebottomleft．ThisisprobablycausedbythefricＧ
tionwithinSBsandthepinningeffectsfromtheSB
interactionsormaterialdefects[１２,２９,３０]．
　　BasedontheresultsshowninFigs􀆰４(a)and４(c),
itisproposedthatthemaindeformationalongthe
primaryshearbandingdirectioniscompression,inＧ
steadofthesolelyshearing．AccordingtothepheＧ
nomenadisplayedinFigs􀆰４(a)to４(d),asketchmap
isdrawntodemonstratetheSBinteractionsandthe
formationofSSBsintheMG,asgiveninFigs􀆰４(e)－
４(g)．ThePSBＧ１,PSBＧ２andPSBＧ３areallprimary

􀅰０５􀅰 　　　　JournalofIronandSteelResearch,International　　　　　　　　　　　　　　Vol􀆰２３　



Fig􀆰４　SEMimagesofSBinteractionsafterdeformation(a,b),slipdistancesofdifferentpointsmarkedin(a)versus
theirrelativepositionsalongthePSB(c),slipdistancesoftheSSBsshownin(b)versustheirdistances(d)tothe

PSB(d),andsketchmapillustratingtheinteractionsofSBsnearpoint３in(a)(e,f,g)

shearbands,propagatingthroughdifferentorientaＧ
tions,andthethinestlinesrepresentthesecondary
shearbands．Theprimaryshearband,PSBＧ１,forms
attheearlystageofplasticdeformation．Withthe
furtherdeformation,othershearbandingeventsocＧ
cur,e􀆰g􀆰,thePSBＧ２andPSBＧ３(withdifferentslidＧ
ingplanesandorientationsfromPSBＧ１),whichinＧ
terruptthecontinuousshearplaneofPSBＧ１and
yieldtheintersectingsteps,nearthepositions“２”

and“３”．Buttheintersectingstepswouldbecome
thebarrier,impedingthefurtherslidingofPSBＧ１．
Asthedeformationcontinues,thestrainenergy
storedinthealloybetweentwointersectingstepsinＧ
creases,whichdrivestheformationandpropagation
ofSSBs．Asstatedabove,themaindeformationalong
theprimaryshearbandingdirectionisconsideredas
compression．Then,theelasticstrainenergydensity
(WE)inthealloybeforetheSSBformationisproＧ
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portionaltoEε２,whileWE isresultingfrom the
compressionalongtheshearingdirectionofPSBＧ１,
Eistheelasticmodulusofthealloy,andεisthe
compressionstrainalongPSBＧ１．Sincetheformation
andpropagationofSSBsaredrivenbytheelastic
strainenergy[５,１８,３１,３２],WEthendeterminestheforＧ
mationprobabilityandpropagationdistanceofSSBs．
BoththeformationprobabilityandpropagationdisＧ
tanceincreasewithrisingtheWE．Besides,theplasＧ
ticshearofa materialiscloselyrelated withthe
shearmodulusG,moreeasilyshearingwithlower
G[３２]．Besides,theactivationenergyoftheshear
transformationzone,from whichtheSBsnucleate,
isproportionaltoG[１８]．Basedonthesediscussions,
itcanbeconcludedthatalargerYoung′smodulus
(largerdrivingenergy)andlowershear modulus
(lowerresistancetoSBformation),i􀆰e􀆰,alarger
Poisson′sratio,isfavorableforobtainingmoreSSBs
andthusimprovedplasticityin MGs．ThisisconＧ
sistentwithpreviousstudies[２,３３]．AlthoughtheexＧ
planationstatedaboveisderivedfromtheresults
alongthePSBinFigs􀆰４(a)and４(b),justatiny
partoftheSBsinthewholesample,itisbelievedto
besuitableformostoftheSBinteractionsandSSB
formations,becausetheintersectionsofSBs will
certainlyproducetheintersectingsteps,whichbeＧ
cometheobstaclespreventingthefurtherslidingof
preＧformedSBsandthenpromotetheformationof
newones．

３　Conclusion
　　TheinteractionsofSBsinaductileZrＧbased
BMGarestudiedinthiswork．Itisfoundthatthe
propagationdirectionofSSBscanbedeflectedbythe
residualstressclosetothepreＧformedPSBs．Sucha
propagationdeflectioncanconsumetheelasticenerＧ
gyandinhibitthefurtherpropagation,whichleads
totheformationofmoreSBsandanincreaseinplasＧ
ticity．TheinteractionsofSBsinthe MGandthe
formationofSSBsaredemonstrated．Andfromthe
viewpointofSBinteractions,acorrelationbetween
theplasticityandelasticmoduliofMGsisfound,
whichagreeswellwithpreviousstudies．Thepresent
resultscanprovidenewinsightsinunderstanding
theplasticdeformationofMGs．
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