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ABSTRACT

Bymeansofstatisticalanalysis,thedeformationmechanismstakingplaceinelasticloadingandplastic
shearingstagesduringserratedflowsonthestressＧstraincurvesforbulkmetallicglasseswerestudied
comprehensively．Normalizedserrationnumberpresentedalinearincreasingtendencywiththedecreaseof
appliedstrainratesduetothereductionoffreevolumes．Anexcellentplasticdeformationwasillustrated
fromtheinfluencesofstructurearrangementwithactivationenergy．ByusingmeanＧfieldtheory(MFT),
maximumelasticＧenergydensityatdifferentstrainratescouldbepredictedby MFTbesidesmaximum
stressdropsduringserrations．Theseresultswerehelpfulforunderstandingtheserratedflowbehavioror
designingdecentschemestoimprovetheplasticityofbulkmetallicglassesatroomtemperature．

１Introduction
　Bulkmetallicglasses(BMGs)areviewedasarelＧ
ativelynewclassofmaterials, whichexhibitlarge
elasticlimit,highstrength,andexcellentwearand
corrosionresistance[１,２] ．TheseoutstandingmechanＧ
icalpropertiesmakeBMGstobepotentialasstrucＧ
turalmaterials．Besidestheconfinementofcrystal
latticesandcrystallinedefectssuchasdislocations,
theplasticdeformationinBMGsiscausedbyrapid
propagationofshearbands[３] ．However, thepoor
plasticityatroomtemperatureseverelyrestrictsthe
applicationsofBMGsasstructuralmaterials．Shear
localizationandstrainorthermalsofteningmayinＧ
ducepoorplasticity[２] ．Significantattemptshavebeen
madetoimproveplasticitybychanginginternaland
externalconditionsatroomtemperature: (１)chanＧ
ginginternalstressstateviapreＧcompressionbefore
yieldingtoincreasefreevolumesandevenproduce
nanocrystalsintheglassmatrix[４] ; (２) depositing
filmsonthesurfaceofBMGs[５,６] , whichcouldproＧ
videhighradialconfinementstress,leadingtomore
homogeneousformationofhighＧdensityshearbands;
(３)introducinginＧsitucrystallinephasesintotheglass
matrixtorestrictshearＧslidingalongprimaryshear
plane[７] ; (４)loweringtheaspectratiooftestingsamＧ

ples,revealingserratedflowdynamicsfromachaotＧ
icstatetoaselfＧorganizedcriticalstate[８] ．Asitis
known, changinginternalandexternalconditions
areconsideredtobeeffectiveapproachestoimprove
roomＧtemperatureplasticity．However,thedeformＧ
ationmechanismsinBMGsstillremainelusive．
　Therearedifferentplasticitiesatdifferentstrain
ratesinBMGs, correspondingtovariousserration
shapes[９] ．TheserratedflowonstressＧstraincurves
inBMGsisstillamystery,andthephysicalmeanＧ
inghasnotbeencompletely understood．Upto
now, sometheoriesabouttheplasticdeformation
mechanismsinBMGshavebeensuccessfullyproＧ
posed, which maydescribetheserrationdynamics
indetail, includingtheclassicalfreevolumes[１０] ,
shearＧtransformationzones(STZs)[１１] ,andtensionＧ
transformationzones(TTZs) modes[１２,１３] ．Usually,
serrationsare associated with the nucleation or
propagationofshearbands,inwhichSTZsareconＧ
sideredasabasicshearingunitinBMGs[１１] ．Each
serrationiscomposedoftwoportions:thestressasＧ
cendingandsharpstressdroponthestressＧstrain
curves, whicharetakenastheelasticloadingand
thereleaseofthestrainenergy,respectively．Thurnheer
etal[１４] usedahighＧspeedinfraredcameraequipped
withanInSbdetectortoshowfivestagesduring
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eachserration:theendofelasticloading;thestart
ofstressdropatamoderaterate; theincreaseof
stressdropratesuddenly, whichcoincideswiththe
onsetofthetemperaturerise;thelevelofreaching
thebottomstress;andthereductionofstressdrop
ratesaswellasthetransitiontowardslowreloaＧ
ding．Despite these common senses have been
reached, theabilitytoimprovetheplasticity of
BMGsisoftenlimiteduponcompression,andeven
theunderstandingoftheserrationandtheshear
bandingstillneedstobefocusedonindetail[１５] ．
　Inthisstudy, classicalstatisticalanalysismethＧ
odswereusedtoexploreseveralprocessestoillusＧ
tratecorrespondingrelation withplasticityduring
plasticdeformationatdifferentstrainrates．Alinear
relationbetweennormalizedserrationnumbersand
applied strain rates was clearly presented．The
slopesduringstressascending (L) demonstrateda
regionaldistributionratherthanaconstant．TheraＧ
tiosofthestressdroppedtoelasticＧenergydensitydurＧ
ingserrationsweremostlyviewedasasteadyvalueat
differentstrainratessothatelasticＧenergydensity
mightbepredictedusingmeanＧfieldtheory(MFT)．

２．ExperimentalProcedure
　AlloyingotswithanominalcompositionofZr５２５Ｇ
Ti５Cu１７９Ni１４６Al１０ (Vit１０５) werepreparedbyarc
meltinga mixtureofpure metalelements (with
weightpurityofnolessthan９９９％)inaTiＧgetＧ
teredargonatmosphere．Inordertoavoidchemical
inhomogeneity,eachingotwasremeltedatleastfive
times．Subsequently,thecylindricalrodswerepreＧ
paredbysuctioncastingintoawaterＧcooledcopper
moldwithadiameterof２mmandalengthofabout
７０mm．ThetwocompressionplanesoftestingspecＧ
imenswerepolishedsoastoguaranteeparallelism
withanaspectratio (heighttodiameter) of２∶１．
Uniaxialcompressiontests wereconducted using
cylindricalsampleswithdiameterof２mm．TheuniＧ
axialＧcompressiontestswereconductedonthecylinＧ
dricalspecimensusingInstron５９６９ materialsＧtesＧ
tingmachineatthestrainratesof２×１０－２, ２×
１０－３,２×１０－４, and２×１０－５s－１at２９８K (room
temperature)．Besides, amethodofdatacollection
settingthestresschange１MPawasusedtocollect
adatapointsothatthestressfluctuationcausedby
machinevibrationcanbeeffectivelyavoidedonthe
engineeringstressＧstraincurves．Afterfracture,the
fracturemorphology wasobservedtoidentifythe
deformation mechanismsbyscanningＧelectron miＧ
croscope(SEM)．

３．ResultsandDiscussion
　Fig１(a) exhibitstheengineeringstressＧstrain
curvesatdifferentstrainratesof２×１０－２,２×１０－３,
２×１０－４,and２×１０－５s－１untilfinalfailureat２９８K,

withthejoggleofmechanicalmachineshowninthe
inset．ItcanbeseenthatthestressfluctuationnearＧ
lydisappearsatthestrainrateof２×１０－２s－１,and
thestressＧstraincurvesatotherstrainratesof２×
１０－３,２×１０－４,and２×１０－５s－１clearlypresentserＧ
rationsduringplasticflowsafteryielding．TheserＧ
rationprocessischaracterizedbyrepeatingcyclesof
asuddenstressdrops,followedbyreloadingelasticＧ
ally,asshowninFig１(b)．Thedisappearanceof
serrationswithincreasingthestrainrateshasbeen
foundinthenanoindentationtests[１,１６] andthedisplaceＧ
mentＧcontrolledcompressionexperiments[１７,１８] ．The
plasticstrainsvaryfromabout８４％ (２×１０－５s－１)
toabout１７３％ (２×１０－４s－１),andthemaximum
stressisabout２２００ MPa．TheinsetinFig１(a)
showsthestressfluctuationonstressＧstraincurves
atelasticstageduetothevibrationoftestingmaＧ
chine,andthefluctuationamplitudeismeasuredto
beabout０６MPa．ThemagnificationoftheserraＧ
tioneventsatthestrainrateof２×１０－４s－１isshown
inFig１(b)．Interestingly,thereareseveralsmall
stressdeclinesbeforealargestressＧdropeventat
thestrainrateof２×１０－４ s－１．Moreover, ithas
beendemonstratedthat, onceyielding, thestrain
energydissipateswithinthinshearlayers, which
leadstoatomicrearrangementinstantlyduetoadiaＧ
baticheating[１９] ．Thus,itseemsthatthegeneration
offreevolumesduetostructurerearrangementcauＧ
sesmultiＧstepshearing．
　AlthoughthefeatureofserrationscanbeidentiＧ
fiedontheengineeringstressＧstraincurves,asshown
inFig１(b),itisstilldifficulttoformulatethestoＧ
chasticmagnitudewiththestrainandanalyzeserraＧ
tiondynamics．Here,thenormalizedserrationnumＧ
bers(N/εn) atdifferentstrainratesareplottedin
Fig１(c)．N andεnrefertototalserrationnumbers
andtotalplasticstrainforasinglestressＧstraincurve,
respectively．N/εncanbeunderstoodbrieflyasserＧ
rationformationability．Apparently, agoodlinear
relationbetweenN/εnandfourdifferentstrainrates
isobtained．ItiswellknownthatthesheardeformaＧ
tioninBMGsiscloselyrelatedwiththecreationand
annihilationoffreevolumes[２０] ．DuringthesteadyＧ
state deformation, the creation and annihilation
ratesoffreevolumesarethesame,andtherelationＧ
shipbetweenthestrainrateandaveragefreevolＧ
umesperatomcanbeestablishedasfollows[１５,２０] :

　　　̇ε＝kVfexp
αV∗

Vf
(１)

where,ε̇istheappliedstrainrate;kisaconstant;
Vfistheaveragefreevolumesofanatom;αisa
constantbetween０５and１０;andV∗istheeffecＧ
tivehardＧspherevolumeofatoms．FromEq(１),it
canbeconcludedthatthehigherthestrainrateis,
themorefreevolumesarecreated．MorefreevolＧ
umesfacilitatethegenerationofserrationswitha
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