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ABSTRACT

Theroomtemperaturebrittlenesshasbeenalongstandingprobleminbulkmetallicglassesrealm．This
hasseriouslylimitedtheapplicationpotentialofmetallicglassesandtheircomposites．TheelasticdeformＧ
ationbehaviorsofmetallicglassmatrixcompositesarecloselyrelatedtotheirplasticdeformationstates．
TheelasticdeformationbehaviorsofCu４８－xZr４８Al４Nbx(x＝０,３at􀆰％) metallicglassmatrixcomposites
(MGMCs) withdifferentcrystallizationdegreeswereinvestigatedusinganinＧsitudigitalimagecorrelation
(DIC)techniqueduringtensileprocess．Withdecreasingcrystallizationdegree, MGMCexhibitsobvious
elasticdeformationabilityandanincreasedtensilefracturestrength．ThenotabletensileelasticityisattribＧ
utedtothelargershearstrainheterogeneityemergingonthesurfaceofthesample．ThisfindinghasimpliＧ
cationsforthedevelopmentofMGMCswithexcellenttensileproperties．

１􀆰Introduction
　Bulkmetallicglasses(BMGs) haveshownexcelＧ
lentmechanicalproperties[１Ｇ４] , which makethem
idealfor structural and functional applications．
However, theirroomtemperaturebrittlenessand
strainsofteningbehaviorhavesignificantlylimited
theirapplications[５,６] ．Toovercometheirbrittleness
behavior, metallicglassmatrixcomposites (MGMCs)
byintroductionofthecrystallinephaseintoglassy
matrixhavebeendeveloped[７Ｇ１０] ．TheimprovedtenＧ
sileorcompressiveductilitycanbeattainedinTiＧ
based[１１] ,ZrＧbased[１２] , LaＧbased[１３] , MgＧbased[１４] and
CuZrＧbased[１５Ｇ２０] MGMCsbyadjustmentofcomposiＧ
tionsorcoolingrates．Especially, CuZrＧbasedMGＧ
MCshaveattractedgreatattentionowingtotheir
strongglassyformingabilityandremarkableductile
materialfeature．ItwaspointedoutthatthecharacＧ
teristicsofshearbandsonthefracturesampleshave
greateffectonmechanicalpropertiesofCuZrＧbased
MGMCs．However, therelationshipbetweenthe
macroscopicelasticdeformationofMGMCsandmiＧ
croscopicstrainenergydistributionisstillnotwell

understood．
　Digitalimagecorrelation (DIC) techniqueproＧ
videsaneffectivemethodtodisplaythestrainfield
evolutionwithstressthroughrecordingsequentially
digitalmapsofsurfacefeaturesonthetestedsample
duringdeformation,andthenpostＧprocessingthese
imagesbasedonapatternＧmatchingalgorithm[２１Ｇ２３] ．
TheDICtechniquehasbeenwidelyusedintheinＧ
vestigationofBMGs[１,２４] , whichcaneffectivelyplot
thestrainfielddistributiononthesurfaceofBMGs．
BasedontheDICobservation,thestrainconcentraＧ
tionfortheoperationofshearbandingduringtenＧ
siledeformationinBMGscanbequantitativelyevalＧ
uated．For MGMCs, thesecondphaseembedding
intotheglassymatrixshoulddisturbtheshearＧbanＧ
dingbehavior．Accordingly,thestrainfieldbeforeshear
bandingshouldbechangedduetothesecondphase
in MGMCs．However, sofar, attentionhasnot
beenpaidtothestrainconcentrationduringtheelasＧ
ticdeformationofMGMCs．Regardingthis,inthis
study, therelationshipsamong microscopicstrain
andstrainenergyaccumulationinCu４８－xZr４８Al４Nbx
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stagesareinvestigatedthroughusinginＧsituobserＧ
vationofDICtechnique．

２．ExperimentalProcedures
　ButtoningotsofCu４８－xZr４８Al４Nbx(x＝０,３at􀆰％,
denotedas０Nband３Nb,respectively)alloyswere
fabricatedbyarcmeltingmixturesofthecomposing
element(９９􀆰９％ purity)inaTiＧgetteredargonatＧ
mosphere．AlloyingotswerereＧmeltedfourtimesto
ensurechemicalhomogeneity．Cylindricalrodwitha
diameterof３mmandalengthof４７mm wassynＧ
thesizedbydropＧcastingintoacoppermouldina
purifiedargonatmosphere．Thestructuresofthe
０Nband３NballoyswerecharacteredbyXＧraydifＧ
fractionwithCuKαradiation(λ＝０􀆰１５４０５nm)usinga
D/MAXＧRBdiffractometerinpreviouswork, which
revealedthatboth Al２ZrandB２ＧCuZrcrystalline
phasesweredetectedinthe０Nballoyandthatonly
few B２ＧCuZrphaseappearedinthe３Nballoy[２５] ．
ThermalanalysiswascarriedoutbyaPyrisＧ１differＧ
entialscanningcalorimetry (DSC)ataheatingrate
of０􀆰３３K/s, whichexhibitedthatthe０Nballoyhad
largervolumefractionofthecrystallinephasethan
thatofthe３Nballoy[２５] ．TensiontestswereperＧ
formedonadogＧboneshapesampleswithgaugediＧ
mensionsof１０mm×２mm×１mmbyusinganINＧ
STRONＧ５５６９testingmachinewithastrainrateof
３􀆰４５×１０－４ s－１ atroomtemperature．Thetensile
specimensweresprayＧpaintedtogenerateanartifiＧ
cialspecklesuitablefor DIC measurement．The
sprayＧpaintedsamplesurface wasilluminated by
twofibreＧopticwhiteＧlightsourcesduringloading．A
ChargeＧCoupledDevicevideocamerawitharesoluＧ
tionof５μm/pixelwasusedtocapturetheconsecuＧ
tivespeckleimagesatafrequencyof４ Hzduring
thedeformation．A rectangular４２０×１４０ pixel
framelocatedatthecentreofthesamplesurface
wasselectedforstraincalculations．Thesequential
speckleimageswerecalculatedusingtheNewtonＧ
Raphsoniterationalgorithm．

３．ResultsandDiscussion
　Fig􀆰１showsthetensilestressＧstraincurvesofthe
Cu４８－xZr４８Al４Nbx (x＝０, ３at􀆰％) samplesatroom
temperature．The０NbsampleshowstypicalbrittlefracＧ
turewithlowerfracturestrengthof(１１４０±１１) MPa
aftersmallelasticdeformation．The３NbsampledisＧ
playsthefracturestrengthof(１７２５±１５) MPaafter
largerelasticdeformation．ItisevidentthatthelarＧ
gerfracturestrengthandelasticdeformationability
canbeachievedinthe３NbMGMCsduetotheenＧ
hancedglassyformingability．
　Fig􀆰２(a－c)presentsthesurfacespeckleimagewithＧ
outloadingandtheDICresultsoftheinＧsitutension
ofthe０Nbsample．Thenormalstrain (εy,alongthe
loadingdirection)fieldsandtheshearstrain (γxy)

Fig􀆰１．　StressＧstraincurvesofCu４８－xZr４８Al４Nbx(x＝０,
３at􀆰％)sampleswithadiameterof３mm．

fieldsrecordedatdifferentstressesaremappedin
Fig􀆰２(b,c),respectively．Inthestressrangefrom
１７７to２７０MPa, nonotablestrainconcentrationis
observedintwostrainfields(Fig􀆰２(b,c))．Itcanbe
seenthatthestressapproaching３９３MPacausesthe
strainfieldsto distributeinhomogeneously．The
strainＧconcentrationstriationsareformedintheεy

field,andsomestrainＧconcentrationregionsemerge
intheγxyfield．Whenthestressisincreasedfrom
４７７to１１４０ MPa,thepositivestrainＧconcentration
striationsintheεyfieldsandthepositivestrainＧconＧ
centrationregionsintheγxyfieldsaresignificantly
enlarged．TheanglesbetweenthepositivestrainＧ
concentrationstriationsandtheloadingdirectionare
６４°intheεyfield．
　Fig􀆰３(a－c)presentsthesurfacespeckleimagewithＧ
outloadingandtheDICresultsoftheinＧsitutension
ofthe３Nbsample．εyandγxyfieldsrecordedatdifＧ
ferentstressesaremappedinFig􀆰３(b,c),respecＧ
tively．Inthestressrangefrom１７８to４３７MPa,no
notablestrainconcentrationisobservedintwofields
(Fig􀆰３(b,c))．Whenthestressreaches８２４ MPa,
thestrainＧconcentrationstriationsappearintheεy

field,andthestrainＧconcentrationregionsemergein
theγxyfields．Withincreasingthestressfrom１２５０
to１６８７MPa,thepositivestrainＧconcentrationstriＧ
ationsintheεyfieldsandthepositivestrainＧconcenＧ
trationregionsintheγxyfieldsalsoshowacorreＧ
spondinglysharprise．TheanglesbetweentheposiＧ
tivestrainＧconcentrationstriationsandtheloading
directionare６８°intheεyfield．MorestrainＧconcenＧ
trationregionsareobservedin３NbsampleascomＧ
paredtothecasesin０Nbsampleintheγxy andεy

fields．
　ItisobviousthattheelasticdeformationofMGMCs
istightlyassociatedwiththestrainconcentration．The
straindistributionsintwosamplesfromtheDIC
imagesindicatethatthestrainＧenergydistributions
areinhomogeneouswithinthestrainＧconcentrationzones,
whichisprovedbythepositivestrainＧconcentration
striationsintheεyfieldsandthepositivegranuleＧ
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