
L．P．YuandS．Y．Chenarejointfirstauthors．
∗ Correspondingauthor．Prof．,Ph．D．
EＧmailaddress:renjl＠zzu．edu．cn (JL．Ren)．
∗∗ Correspondingauthor．Prof．,Ph．D．
EＧmailaddress:pliaw＠utk．edu (PK．Liaw)．

Received８December２０１６; Receivedinrevisedform２０February２０１７; Accepted２１February２０１７
Availableonline１５April２０１７
１００６Ｇ７０６X/Copyrightⓒ２０１７, TheeditorialofficeofJournalofIronandSteelResearch,International．PublishedbyElsevierLimited．Allrightsreserved．

PlasticityperformanceofAl０５CoCrCuFeNihighＧentropyalloysunder
nanoindentation

LiＧpingYu１,　ShuＧyingChen２,　JingＧliRen１,３,∗ ,　YangRen４,　FuＧqianYang５,　KarinA．Dahmen６,
PeterK．Liaw２,∗∗

１SchoolofMathematicsandStatistics,ZhengzhouUniversity,Zhengzhou４５０００１, Henan, China
２DepartmentofMaterialsScienceandEngineering, TheUniversityofTennessee, Tennessee３７９９６, USA
３StateKeyLaboratoryofNonlinearMechanics,InstituteofMechanics, CAS, Beijing１００１９０, China
４XＧrayScienceDivision, ArgonneNationalLaboratory,Illinois６０４３９, USA
５DepartmentofChemicalandMaterialsEngineering, UniversityofKentucky, Kentucky４０５０６, USA
６DepartmentofPhysics, UniversityofIllinoisatUrbanaＧChampaign,Illinois６１８０１, USA

ARTICLEINFO

Keywords:
HighＧentropyalloys
Nanoindentation
Criticalbehavior
Chaoticbehavior

ABSTRACT

ThestatisticalanddynamicbehaviorsofthedisplacementＧloadcurvesofahighＧentropyalloy, Al０５CoCrＧ
CuFeNi, wereanalyzedforthenanoindentationperformedattwotemperatures．CriticalbehaviorofserraＧ
tionsatroomtemperatureandchaoticflowsat２００°Cweredetected．TheseresultsareattributedtotheinＧ
teractionamongalargenumberofslipbands．Forthenanoindentationatroomtemperature,recurrent
partialeventsbetweenslipbandsintroduceahierarchyoflengthscales,leadingtoacriticalstate．Forthe
nanoindentationat２００°C,thereisnospatialinterferencebetweentwoslipbands, whichiscorresponding
totheevolutionofseparatedtrajectoryofchaoticbehavior．

１Introduction
　Serratedflow, associated withcyclicsoftening
andhardeningofmaterials,duringplasticdeformaＧ
tion,hasbeenstudiedextensivelysincethediscovＧ
eryofthePortevinＧLeChatelier(PLC)effect[１] ．It
isoneofthefewprominentexamplesofthecomＧ
plexityofthespatiotemporaldynamicsarisingfrom
thecollectivebehaviorofdefectpopulations[２] ．The
discontinuousserratedflowindicatesthatthemateＧ
rialrespondsinajerkywaywithstressdrops,reＧ
flectingsuddenＧlocalsofteninginthematerial．UnＧ
derstandingtheintriguingspatioＧtemporalinstability
anditsinfluenceonthemechanicalpropertiesofvaＧ
riousmaterialshasdrawngreatattentions,theresults
onnanometerＧsizedsinglecrystals[３,４] , microcrysＧ
tals[５Ｇ７] andbulkmetallicglasses[８Ｇ１２]canbefound．
　Asanewclassofmaterials, highＧentropyalloys
(HEAs) foundin１９９０′shavebeencontinuously
studied[１３Ｇ３２] ．Forslowcompressionortensionatcertain
temperaturesand (small) strainrates, HEAsdeform

viasuddenslipsthatareassociatedwiththestressdrops
instressＧstraincurves[１７Ｇ２２] ．Zhangetal[１７] pointedout
thattheserrationsofHEAsduringthecompression
testsatthestrainrateof１０－３s－１seemtobegreater
thanthoseatthestrainrateof１０s－１．Carrolletal[２２]

foundthatatastrainrateof１０－４s－１,theserrated
stressＧstraincurvesoftheCoCrFeMnNiHEA move
fromtypeＧAtoBtoCPLCＧbandwithincreasing
temperaturefrom２００to６２０°C．Recently, Chenet
al[２３] firstinvestigatedtheserrationbehaviorofa
highＧentropyalloyAl０５CoCrCuFeNiinnanoindentＧ
ationtestatholdingtimeof５,１０,and２０s(when
theloadreachesthe maximum valueof１００ mN,
thenmaintainedat１００mNfordifferenttimeof５,
１０,and２０s)．Theydividedserratedflowintothree
stages:loadingstage, holdingstageandunloading
stage;thentheyfoundthedisplacementsequenceat
holdingstagemanifestsachaoticbehavior．Naturally,
anewquestionarises: whetherthedynamicbehavＧ
ioratloadingstageisalsochaoticornotandwhatis
theunderlying mechanism oftheserratedflow at
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loadingstage．Motivatedbythese,herenanoindentＧ
ationwasusedtostudythedisplacementburstat
loadingstageoftheAl０５CoCrCuFeNiHEAatroom
temperaturesand２００°C．Thedynamicalanalysis
andstatisticalanalysisareconductedforplasticdyＧ
namicsattwotemperatures．

２．Experimental
　TheAl０５CoCrCuFeNi(molarratio) HEAinthe
shapeofcylindricalrodwasfabricatedbyarcＧmeltＧ
ingthemixedprincipalelementswithhighpurity
(purityexceeding９９９wt％)inawaterＧcooledcopper
mold．Repeatedmeltingforatleastfivetimeswas
carriedouttoimprovethehomogeneityofthemateＧ
rial．The moltenalloy wasdropＧcastintocopper
moldswith２mmindiameter．Diskscutfromthe
asＧcastAl０５CoCrCuFeNiHEArodsweremechaniＧ
callygroundandpolishedtoobtaintwoparallelsurＧ
facesofamirrorqualitytoavoidsurfaceeffects．
　Thenanoindentationtestswerecarriedoutusing
aNanoTestVantage(MicroMaterials)．Adiamond
Berkevichindenterwithanominaltipradiusofabout
５０nmwasused．ThemachinecompliancewascaliＧ
bratedtobe０３０nm/mN．Thenanoindentationtest
wasperformedunderthemodeofloadcontrolwith
thepeakloadof１００mN．Boththeloadingrateand

unloadingratewere１０００mN/s．Indentationtests
wereperformedattwotemperatures(roomtemperＧ
atureand２００°C)．Foreachindentationcondition,at
least３indents wereperformed．Theindentation
depthandindentationloadwereusedtoanalyzethe
nearＧsurfacemechanicalbehavioroftheAl０５CoCrＧ
CuFeNiHEA．

３．ResultsandDiscussion
　Fig１(a)showstypicalindentationloadＧdisplaceＧ
ment (σＧh) curvesatdifferenttemperatures．The
loadＧdisplacementcurvesseemtoberegularinthe
loadingstage,andtherearenoobviousshearsteps．
Theamplificationofthecurvesintheloadingstages
revealsthepresenceofthedisplacementＧdropevents,
asshowninFig１(b)．ItneedstoeliminatetheinＧ
fluencefromtheindentationdepthincreaseinorder
toanalyzetheseevents[３３] ．A polynomialfunction
(y＝A＋B１x＋B２x２) wasusedtoestablishabaseＧ
line byfitting theindentation displacementＧload
curvesintheloadingstage．Usingthebaseline,the
variationofthenormalizedserrationwiththeindenＧ
tationloadisinsertedinFig１(b)．
　Theserratedflowpresentedintheindentationsat
roomtemperatureand２００°CcanthenbedeterＧ
mined,asshowninFig２(a)．Introducingavariable

Fig１．　LoadＧdisplacementcurvesduringnanoindentationatroomtemperatureand２００°CofhighＧentropyalloyAl０５CoCrCuＧ
FeNi(a)andpolynomialfunctionfittingcurveofdisplacementＧload(theinsetshowstheserrationevents) (b)．

Fig２．　SerrationeventsonhighＧentropyalloyAl０５CoCrCuFeNiatroomtemperatureand２００°C (a)anddisplacementburstsize
distributionasafunctionofdepthattwotemperatures(b)．
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ofΔh (thedifferenceofthedisplacementbetween
the maximum and previous minimum value was
takenasdisplacementdropbyΔh),onecangenerＧ
atethenormalization,S＝Δh/hoftheΔhvalueby
thedepth,h, whichiscarriedouttoeliminatethe
statisticalerror[３４] ．Thevariationofthedisplacement
burstsizewiththeindentationdepthatroomtemＧ
peratureand２００°CisdepictedinFig２(b)．Thesize
distributionofthedisplacementburstsforthenanoinＧ
dentationatroomtemperatureseemstohaveafloating
behaviorwithincreasingindentationdepth, whilethe
sizedistributionofthedisplacementburstat２００°C
doesnotpossessthisobviouscharacteristic．

　LoadＧtimecurvesanddepthＧtimecurvesduring
nanoindentationatroomtemperatureand２００°Cof
thehighＧentropyalloyAl０５CoCrCuFeNiareshown
inFig３．AlinearrelationshipinloadＧtimecurve
whetheritisinloadingprocedureorunloadingproＧ
cedurecanbefound．InFig３(b,d),tlrepresents
accumulationtimeandtrrepresentsrelaxationtime．
Averagevaluesoftlandtrinserratedflowatroom
temperatureand２００°CarelistedinTable１．ItisobＧ
tainedthatcomparedwith２００°C,averagevaluesof
tlandtratroomtemperaturedecrease．Furtherfrom
Table１,tl＜trmeansthatenergyreleasingexistsin
thedeformation,andthereleaseprocessisrelatively

Fig３．　LoadＧtimecurve(a, c)anddepthＧtimecurve(b, d)duringnanoindentationatroomtemperatureand２００°CofhighＧ
entropyalloyAl０５CoCrCuFeNi．

Table１
Dynamicparametersfornanoindentationatroomtemperature
(RT)and２００°C

Temperature tl/s tr/s τ m λ１

RT ００８６６ ０１５９８ ３ ８ －００１２３
２００°C ００９４１ ０２１９２ ９ ６ ００１２３

　Note:τ—Timedelay;m—Embeddingdimension;λ１—Largest
Lyapunovexponent．

slowatsometimeinserrationevents．
　TorevealtheinformationintheserrationreＧ
sponseoftheAl０５CoCrCuFeNiHEAattwotemＧ
peratures, adynamicanalysisofthedisplacement
sequence, {h(l),l＝１,２,,N }, wasperformed．
AsdescribedbyStrogatz[３５] , anunknownchaotic,

dynamicalsystemhasequivalentgeometricalcharacＧ
teristicswiththemodelinthereconstructedmＧdiＧ
mensionalphasespace．Thus, anoriginal, chaotic
dynamicscanbestudiedthroughthereconstruction
ofthephasespace．Thereconstructionofaphase
spaceforthedisplacementsequenceof{h(l),l＝１,
２,,N}canbeperformedasfollows．Givenatime
series, {h(l),l＝１,２,,N },themutualinformaＧ
tionmethod[３６] wasusedtoobtainatimeＧdelayreＧ
constructionofaphasespace．TheCaoＧmethod[３７]

wasemployedforthecomputationoftheembedding
dimension．Afterselectingτ,andm,thetimeseries,
anmＧdimensionalvectorofY(ti)＝{h(ti),h(ti＋τ),
,h(ti＋(m－１)τ),ti＝１,,[N－(m－１)τ]} was
constructedfromthesequence, {h(l),l＝１,２,,
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N}．TheEckmann′salgorithm[３８] wasusedtofind
thelargestLyapunovexponentwiththeselecteddeＧ
layandembeddingdimension．Firstly,onetakesan
initialpoint,Y(t１) anditsnearestneighborpoint,
Y１(t１) (accordingtotheEuclidianmoduleinthereＧ
constructedphasespace),anddenotesL１＝Y(t１)－
Y１(t１)．Afteraniterationtime,thepoints,Y(t１)
andY１(t１),transformintoY(t２) andY２(t２) with
L２＝Y(t２)－Y２(t２)．AccordingtotheleastＧsquares
method,thereisamatrix,T１, whichmapstheevoＧ
lutionfromL１toL２,ie,L２＝T１L１．Repeatingthe
abovestepsfromY(ti)toY(ti＋１),aseriesofTi(i＝
１,２,,p)canbeobtained．UsingthestandardQR
decomposition(Qisanorthogonalmatrix,andRis
anuppertrianglematrixwithpositivediagonaleleＧ
ments)forthematrix, Ti, whereTi ＝QiRi, the
Lyapunovexponentsarecalculatedasλk ＝１/(tp －

t１)∑
p

j＝１
ln(Rj)kk,k＝１,２,,m (t１andtpareinitial

andfinaltime,respectively)．
　NotethattheLyapunovexponentofthedynamic
systemisassociatedwiththecorrespondingdynamic
behavior．ForthelargestLyapunovexponentbeing
negative,thetwoadjacentorbitsinthedynamical
systemwillbeconvergenttoastablestate．Forthe
largestLyapunovexponentbeingpositive,thesetwo
orbitswillbeseparatedfinally, whichcorresponds
toachaoticbehavior．ThelargestLyapunovexpoＧ
nentsforthedisplacementsequence, observeddurＧ
ingtheindentationattwotemperatures, arelisted
inTable１．ThelargestLyapunovexponentsvary
fromanegativevalueatroomtemperaturetoaposiＧ
tivevalueat２００°C．
　UsingthemethodproposedbyGrassbergerand
Procaccia[３９] ,namedtheGＧPalgorithm,onecancalＧ
culatethecorrelationdimensionassociatedwiththe
correlationsamongpointsoftimeseriesonthechaＧ
oticattractor．ApositiveLyapunovexponentanda
finitecorrelationdimensionaretwocriteriafordeＧ

terminingchaos．Thegreaterthevalueofpositive
Lyapunovexponent,thefasterthespeedofadjacent
orbitsdivergence．ThegreaterthevalueofcorrelaＧ
tiondimension,themoremeticulousthestructure
ofattractor．FurtherthesetwomethodsaremoreefＧ
fectivefordensetimesequences．NextthecorrelaＧ
tiondimensioniscalculatedtofurtherverifythe
chaoticbehavior．
　Givenasignal, {h(l),l＝１,２,,N },ofpoints
obtainedfromthedisplacementsequence, withhi＝
h(t＋iδ), whereδisafixedtimeincrement,onecan
usethestandardtechniqueofdelaycoordinateembedＧ
ding[４０]toreconstructastatespace, withanapproＧ
priatechoiceofthedelaytime[４１]andadＧdimensionＧ
alphasespace[４２] ．DuetothedivergenceoftrajectoＧ
ries, mostpairs, (hi,hj), withi≠j willbedyＧ
namicallyuncorrelated, whilethepointslyingonthe
attractorwillbespatiallycorrelated．Thedefinition

ofthecorrelationintegralisC(r)＝１/N ∑
N

i,j＝１
Θ(x)(r－

|hi－hj|), whereΘ(x)istheHeavisidefunction
(Heaviside(x)returnsthevalue,０forx＜０,１for
x＞０, and１/２forx＝０),ristheradiusofthe
Heavisidefunction,andNisthenumberofpoints．
ForaselfＧsimilarchaoticattractor,thereisthefolＧ
lowingrelation:C(r)~rνinthelimitofsmallr,
whereνisthecorrelationdimension．ForalowＧdiＧ
mensionaldynamicalsystem,theslopeintheplotof
lnC(r)versuslnrincreaseswiththeembeddingdiＧ
mension,d, untilitreachesaplateau;itsvalueat
theplateauis, then, takenastheestimateofthe
correlationdimension[３９,４３] ．Thatistosay, asdis
increased,theslopeintheplotoflnC(r)versuslnr
hasaconvergenceforchaoticbehavior[４４] ．
　Fig４depictstheplotsoflnC(r)versuslnrforthe
nanoindentationat２００°Candroomtemperaturewith
theembeddingdimensionofd＝６－９andd＝６－
１０, respectively．Itisevidentthattheslopesare
convergedwithdecreasingrat２００°C(Fig４(a)),and

Fig４．　 LogＧlogplotofcorrelationintegralasafunctionofrofdisplacementＧloadforhighＧentropyalloyAl０５CoCrCuFeNiat
２００°Cford＝６－９withthedelayof９ (a)androomtemperatureford＝６－１０withthedelayof３ (b)．
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thereisnoconvergenceoftheslopeswithdecreasing
ratroomtemperature (Fig４(b))．OnecancalcuＧ
latetheconvergedvalueoftheslopesoflnC(r) of
thedisplacementsignal:thecorrelationdimension,
ν≈１２４．Thus,italsoallowsonetoconcludethe
existenceofchaoticbehaviorforthedisplacement
sequenceat２００°C[３８,３９,４４] ．
　TheselfＧsimilarityofchaoticattractorcanbeconＧ
firmedbycorrelationdimension．Alargecorrelation
dimensionsuggeststheconcurrentnucleationofa
largenumberofslipbandsthroughoutthematerial．
Thehigherdensityofslipbandsinturncaninducea
hierarchicalstructureofslipbands[１１] ．Then, the
slipbandshaveaselfＧsimilarstructureduetotheinＧ
teractionsamongthehierarchiesofslipbandsatdifＧ
ferentpositionsandindifferentdirections．
　Senkovetal[１９]showedthatdislocationmotionis
highlysensitivetotemperature,andthecriticalreＧ
solvedshearstressfordislocationglidingdecreases
rapidlywithincreasingtemperature．Itindicatesthat
anelevatedtemperatureallowsatomstohavemore
chancetosuccessfullylockdislocations, andthen,
haveenoughtimetorelaxelasticenergy, whichinＧ
dicatesalackofinternalenergyfortheformationof
newslipbands．Inaddition,therelaxationtimeis
relativelylargeat２００°C (Table１)．ThereisnospaＧ
tialinterferencebetweentwoslipbands, whichwill

beseparatedunderthetimeevolution．Theevolution
oftheseparatedtrajectoryiscorrespondingtothe
chaoticbehavior．
　Forthenanoindentationatroomtemperature,the
nonＧconvergenceoflnC(r)andnegativelargestLyaＧ
punovexponentsuggestnoevidenceofchaoticdyＧ
namic．Tofurtherexplorethedynamicalbehaviorof
thenanoindentationoftheAl０５CoCrCuFeNiHEA,
astatisticalanalysisofdisplacementＧloadcurvesat
twotemperaturesiscarriedout．Theloadinterval
betweenadisplacement minimum andthesubseＧ
quentmaximum valueswasusedtorepresentthe
durationoftheloaddrop, whichisdenotedbyΔσ．
Thedistribution, D (Δh), ofΔh wasinvestigated
fortheindentationsatroomtemperatureand２００°C．
Similarly,thedistribution,D(Δσ),ofthecorrespondＧ
ingΔσwasalsostudied．Figs５and６showtheplotsof
D(Δh)andD(Δσ)atroomtemperatureand２００°C,
respectively．ThereisapeakeddistributionofD(Δσ)in
Fig６(b), whichindicatesnoexistenceofapowerＧ
lawdistribution．Itisevidentthatthedistributions
ofD(Δh)andD(Δσ)atroomtemperaturehavethe
formofD(Δh)~ΔhＧβ withβ＝１６８andD (Δσ)~
Δσ－α withα＝１５０．Furthermore,itisfoundthat
theconditionalaverageof＜Δh＞~Δσ－x withx＝
０７４(Fig５(c))．Thus,thescalingrelationofα＝x(β－
１)＋１[４５]issatisfied, whichcharacterizesacriticalbeＧ

Fig５．　Distributionsofdisplacementdrop(a)andloadduration(b)forhighＧentropyalloyAl０５CoCrCuFeNiatroomtemperature
andconditionalaverageofdisplacementdropsasafunctionofsizeofloaddurationforhighＧentropyalloyAl０５CoCrCuFeNiat
roomtemperature(c)．

Fig６．　Distributionsofdisplacementdrops(a)andloadduration(b)forhighＧentropyalloyAl０５CoCrCuFeNiat２００°C．
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haviorandanorderstate．Thisresultisinterpreted
thatthedislocationmotionisaccompaniedwiththe
increaseofthemutualinterferenceofslipbandsat
roomtemperature, whichresultsincriticalityand
plasticdeformation．

４．Summary
　AplasticdynamicbehaviorforthenanoindentaＧ
tionoftheAl０５CoCrCuFeNiHEAisobservedfrom
thestatisticalanddynamicalanalyses．Thechaotic
behaviorcharacterizedbyapositiveLyapunovexpoＧ
nentforthedisplacementseries, {h(l),l＝１,２,,
N},occursat２００°C．Thecriticality,characterized
bytheintermittentpowerＧlawdistributionofthedisＧ
placementdrops,isobservedatroomtemperature．The
relaxationtimedecreaseswithdecreasingtemperaＧ
ture．Thus,forthenanoindentationatroomtemperaＧ
ture,thereisnoenoughtimetoreleaseelasticenerＧ
gy,andthereistheformationofnewslipbandsadＧ
jacenttoexistentbandsintheregionwiththeunreＧ
leasedelasticenergy．Theoverlapsofrecurrentslip
bandsformingresultinahierarchy,leadingtothe
criticalstateofthe displacementＧloadseriesand
plasticdeformation．ForthenanoindentationateleＧ
vatedtemperatures,thereisenoughtimetorelease
elasticenergy,andtheseorbitswillbeseparatedfiＧ
nally, whichiscorrespondingtochaoticbehavior．
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