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Abstract:Multicomponentalloyswithhighentropyofmixing,eg,highentropyalloys(HEAs)and/ormultiprinＧ
cipalＧelementalloys(MEAs),areattractingincreasingattentions,becausethematerialswithnovelpropertiesare
beingdeveloped,basedonthedesignstrategyoftheequiatomicratio,multicomponent,andhighentropyofmixing
intheirliquidorrandomsolutionstate．Recently,HEAswiththeultrahighstrengthandfracturetoughness,excelＧ
lentmagneticproperties,highfatigue,wearandcorrosionresistance,greatphasestability/highresistancetoheatＧ
softeningbehavior,sluggishdiffusioneffects,andpotentialsuperconductivity,etc,weredeveloped．TheHEAscan
evenhaveveryhighirradiationresistanceandmayhavesomeselfＧhealingeffects,andcanpotentiallybeusedasthe
firstwallandnuclearfuelcladdingmaterials．Serrationbehaviorsandflowunitsarepowerfulmethodstounderstand
theplasticdeformationorfractureofmaterials．Themethodshavebeensuccessfullyusedtostudytheplasticityof
amorphousalloys(alsobulkmetallicglasses,BMGs)．Theflowunitsareproposedas:freevolumes,sheartransiＧ
tionzones(STZs),tensionＧtransitionzones(TTZs),liquidＧlikeregions,softregionsorsoftspots,etc．Theflowunits
inthecrystallinealloysareusuallydislocations,whichmayinteractwiththesoluteatoms,interstitialtypes,orsubＧ
stitutiontypes．Moreover,theflowunitsoftenchangewiththetestingtemperaturesandloadingstrainrates,eg,
atthelowtemperatureandhighstrainrate,plasticdeformationwillbecarriedoutbytheflowunitoftwinning,andathigh
temperatures,thegrainboundarywillbetheweakarea,andplayastheflowunit．Theserrationshapesarerelated
tothetypesofflowunits,andtheserrationbehaviorcanbeanalyzedusingthepowerlawandmodifiedpowerlaw．
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　　Recently,muchattentionhasbeenfocusedon
thetopicofmulticomponentalloys,alsocalledhighＧ
entropyalloys(HEAs)．Thiskindofalloysusually
havehighentropyofmixingintheirliquidorranＧ
domsolutionstates[１Ｇ７]．Thehighentropy(HE)of
alloysmayintendtostabilizethedisorderedsolidsoＧ
lution(DSS)andamorphousphasealsobulkmetalＧ
licglass (BMG)ratherthanintermetallicordered
phases(IOP)．
　　In１９９０′s,manyscientistsworkedhardtolook
formulticomponentalloyswiththehighglassformＧ
ingability(GFA)．Greer[８]proposedthatthemore
elementsinvolved,thelowerthechancethatthealＧ
loycanselectvariablecrystalstructures,andthe
greaterthechanceofglassformation,whichisalso

calledtheconfusionprinciple．AccordingtotheconＧ
fusionprinciple,Takeuchietal[９]reportedthatthe
PdPtCuNiPequiatomicratioalloycanform BMGs
withacriticalsizeof１０mm．Gongetal[１０]reported
thattheTiZrHfCuNiBeequiatomicratioalloycan
formBMGswithacriticalsizeof２０mm．However,
the equiatomic ratio alloys, CuCoNiCrFe and
CrCoMnNiFe,formthefaceＧcenteredcubic(FCC)
DSSphase,andAlCoCrFeNiformthebodyＧcentered
cubic (BCC)DSSphase．Theconfusionprinciple
breaksdownforformingtheDSSphaseratherthan
theBMGphase．Thistrendmayresultfromthefact
thattheviscosityoftheequiatomicalloysmaynot
bealwayshighenoughtosuppressthecrystallizaＧ
tionprocess．Uptonow,theHEDSSalloysmayhave



fivecharacteristics:highentropyeffects,sluggish
diffusion,severelatticedistortion,cocktaileffects,
andhighphasestabilityathightemperature．
　　Thermodynamically,GibbsＧfreeenergycanbe
expressedbyenthalpyandentropyasEq(１):
　　　G＝H－TS (１)
where,GistheGibbsＧfreeenergy;HistheenthalＧ
py;Sistheentropy,andTistheabsolutetemperaＧ
ture．FromEq(１),HEresultsinthelowG,espeＧ
ciallyathightemperatures．ThelowertheGis,the
morestablethephasesare．Thehighphasestability
ofHEAswasalsoverifiedbySenkovetal[１１]usingthe
neutronstudyofNbMoTaW orNbMoTaWVequiＧ
atomicalloys．Itwasfoundthatevenannealingat
１４００℃for１９h,nophasestructurechangescanbe
observedbyneutrondiffraction．

１　NumbersofComponents
　　Accordingtotheconfusionprinciple,theGFA
willbeincreasedwithmoreelementsinvolvedinthe
alloy,andalmostnopuresinglemetalcanbemade
intotheglass．Onlyrecently,thesinglemetalofreＧ
fractoryelements,suchasTa,Mo,V,andNb,can
bemadeintoglassinnanoscale,byusingveryhigh
coolingrate,１０１４ K/s[１２]．PureZrandpureTiwere
vitrifiedintoglassesatveryhighpressures．However,
theresultsarenotrepeatable,andthepaperswere
thenretracted．Binaryalloysystemscanbevitrified
intoglassesinabulkform．Thistrendmeansthat
binaryBMGs,atrelativelyslowcoolingrates,were
extensivelyreported[１３,１４]．ThemostmentionedcomＧ
positionistheCuZrbinaryBMG,whichwasfirstly
reportedbyWangetal[１３]andYuetal[１４],respecＧ
tively．ChiandJiang[１５]studiedtheGFAwithanumber
ofelementsinalloysystems,andfoundthatGFA
increaseswithincreasingtheconstitutenumbersof
elementsuptofive,andthentheGFAhasnoobviＧ
ouschange withincreasingtheelementsnumber．
Fig１showsthecriticalsizetmaxoftheamorphous
phaseasafunctionofthenumberofelementsNin
thealloysystems．
　　ForformingtheDSSphase,thecontentofHEAs
isextendingfromtheZrNbHfthreeＧelementbyGuo
etal[１６],uptofourＧelementNbMoTaWbySenkov
etal[１１],fiveＧelementCoCrCuFeNibyYehetal[１],
CrCoMnFeNibyCantoretal[１７],AlCoCrFeNiby
Zhangetal[１８],８ＧelementCuCoNiCrAlFeTiVbyYeh
etal[１９],andevento１６to２０elementsalloys[１７]．
　　Inoue[２０]proposedthreeempiricalrulesforthe
predictionofglassformation,whichareverysimilar
totheDSSＧphaseformation:(１)theconfusionprinＧ

Fig１　CriticalsizesofBMGsasafunctionof
elementsnumberinalloys

ciple,ascontainingatleastthreeelementsormore;
(２)atomicＧsizemismatch,whichwillleadtothedense
atomicpackingandtheatomicＧlevelstress;(３)enＧ
thalpy,inwhichcasethenegativeheatofmixingis
needed．
　　The mixingofGibbsＧfreeenergycanbeexＧ
pressedbyEq(２):
　　　ΔGm＝ΔHm－TΔSm (２)
where,ΔGm isthe GibbsＧfreeenergyof mixing;
ΔHmistheenthalpyofmixing;andΔSmistheenＧ
tropyofmixing．Thepartoftheenthalpyofmixing
mayplayaratherweakroleinthealloysystemabove
themeltingtemperature,andtheentropyofmixing
willplayaveryimportantroleinformingphases,
whichwillabitlikeasoftＧmatterstate．Thus,apaＧ
rameter[２１]maybedefinedas:

　　　Ω＝
TlΔSm

ΔHm
(３)

where,Tlistheliquidustemperatureforanalloy
system;andΩcanbeaHEparameter．WhenΩis
largerthan１,thiscase meansthattheentropy
effectwillovercometheeffectoftheenthalpyatthe
meltingpoint．TheenthalpycanbepositiveornegaＧ
tive:whenitispositive,theelementsintendtobe
repulsiveaway,andthephaseseparationoccursin
thealloys;whilewhenitisnegative,theintermetalＧ
licorderedphase(IOP)forms．Theentropyeffect
intendstomaketheelementsdistributeduniformly
withoutanyphaseseparationorformingofIOP．
Fig２showstheHEparameterΩ asafunctionof
theelementnumberinalloysystems．

２　EntropyandEnthalpyEffects
　　WhenthephaseformationduringthesolidificaＧ
tionprocesswasconsidered,viscosityshouldalsobe
considered．Thisprocessiscloselyrelatedtothe
mobilityoftheatomswhentheliquidphasetransits
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