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ABSTRACT

FeCoCrNiAlhighentropyalloycoatingswerepreparedbysupersonicairＧplasmaspraying．ThecoatＧ
ingswerepostＧtreatedbyvacuumheattreatmentat６００and９００°C,andlaserreＧmeltingwith３００W,
respectively,tostudytheinfluenceofdifferenttreatmentsonthestructureandpropertiesofthecoatＧ
ings．Thephaseconstitution, microstructureandmicrohardnessofthecoatingsaftertreatmentswere
investigatedusingXＧraydiffraction,scanningelectronmicroscopyandenergydispersivespectromeＧ
try．ResultsshowedthattheasＧsprayedcoatingsconsistedofpuremetalandFeＧCr．TheAlNi３phase
wasobtainedafterthevacuum heattreatmentprocess．AbodyＧcenteredcubicstructurewithless
AlNi３couldbefoundinthecoatingafterthelaserreＧmeltingprocess．Theaveragehardnessvaluesof
theasＧsprayedcoatingandthecoatingswithtwodifferenttemperaturevacuumheattreatmentsand
withlaserreＧmeltingwere１７７,２２７,２６６and６８２HV,respectively．Thissuggeststhatthevacuum
heattreatmentpromotedthealloyingprocessofthecoatings,andcontributedtotheenhancementof
thecoatingwearresistance．ThelaserreＧmeltedcoatingshowedthebestwearresistance．

１．Introduction
　Yeh[１,２]firstproposedtheconceptofhighentropy
alloys(HEAs)in１９９５．Typically, HEAsconsistof
fiveormore, butlessthan１３, principalelements．
Thecomponentofeachelementshouldbebetween
５％and３５％,andthecharacterofHEAsisdeterＧ
minedbythecombinedfeaturesof multipleeleＧ
ments[３,４] ．FordistinguishingHEAsandtraditional
alloys, thenumberofprincipalelementswasdeＧ
finedasmorethanfive．Inasimilarfashion,alloys
withoneprincipalelementareconsideredaslowenＧ
tropyalloys．Middleentropy alloysare between
thesetwokindsofalloysandcommonlyhavetwoto
fourprincipalelements[５] ．
　 ThestructureofHEAsisuniqueandnocomplex
intermetalliccompoundexistswithinitduetothe
highentropyinthealloysystem．Thus,simplesolid
solutions,likebodyＧcenteredcubic (BCC), faceＧ
centeredcubic(FCC)andevenhexagonalcloseＧpacked
(HCP)structures,asprovedrecently,tendtoform[６] ．
Thehighsolidsolubilityorsinglephasecontributes
tothepotentialcharactersofHEAs[７Ｇ９] ,including

highstrengthandhardness,goodwear,heat[１０]and
corrosionresistance, good magnetism performance
andevenbulkmetallicglassproperties[１１] ．
　HEAshavewideapplicationprospectsasaresult
oftheiroutstandingproperties[１２] ．Theyareeven
consideredaspotentialnuclearmaterials[１３] ．ThereＧ
fore,theutilizationofHEAsinthepreparationof
coatingsisavitalorientationfortheirdevelopment．
　Thecurrentmostcommonmethodforpreparing
HEAcoatingsisusinglasercladding, whichhas
manyadvantages．Forinstance, thecoatingsafter
lasercladdinghaveuniform microstructuresanda
strongcombinationwiththesubstrate[１４Ｇ１６] ．HowevＧ
er,lasercladdingprovidesalowerefficiencydueto
thesmallspotsizeandslowscanningspeed．FurＧ
thermore,thethermalinjectionoflasercladdingis
sohighthatitusuallyproducesdeformations,grain
growthandphasechangestotheworkpieceafter
severalcladdings, whichcan havea detrimental
effectonthequalitiesoftheworkpieces．InaddiＧ
tion,physicalvapordeposition(PVD),likemagneＧ
tronsputteringandelectronＧbeamevaporationdepoＧ
sition,isalsousedtoprepareHEAcoatings,since
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thecoatingthicknesscanbewellcontrolled．HowＧ
ever,therearesomedrawbacksforPVD．Thelong
productioncycletimeandexpensivepricehavereＧ
stricteditsdevelopment．Thus,findinganewtechＧ
nologyforthepreparationofHEAcoatingsisavital
researchinterest．
　Nowadays, plasmasprayingisoneofthemost
commonly usedtechnologiesfor preparing coatＧ
ings[１７,１８] ．Itisakindofthermalspraytechnology
thatuseshightemperatureplasmaasitsheatsource
andismainlyusedtospraypowder．Typically,heat
treatmentorreＧmeltingisrequiredtoachieveahigh
qualitycoatingaftertheplasmasprayprocess．FurＧ
thermore,theefficiencyofplasmaspraydeposition
ismuchhigherthanothermethodsandeverycorner
oftheworkpiececanbereached．
　 Thus, inthisstudy, aplasmaspray method
combinedwithvacuumheattreatmentandlaserreＧ
meltingwasusedtoprepareFeCoCrNiAl[１９] HEA
coatings．

２．ExperimentalProcedure
　A３０４stainlesssteelwasusedinthisexperiment,
andFe,Co, Cr, NiandAlpowdersofaround４８μm
withmorethan９９％ purityweremixedtogetherat
thesamemolarratio．Aplanetaryballmillwasused
tomixthepowdersfor８h．Theballmaterialratio
(massratio) was１０∶１andtherevolutionratewas
２００r/min．AsupersonicatmosphericplasmaspraＧ
yingsystem (３７１０Praxair, USA) wasusedtospray
themixedpowderat５００Aand４０V．PartoftheasＧ
sprayedsampleswereheatedinahightemperature
vacuumtube(CVD, Hefei,China)for１０hat１００Pa．

TheothersampleswerereＧmeltedusingasemiconＧ
ductorlaser(FLＧDlightＧ１５００, Xi′an, China) witha
３００Wpower,３mm×１mmspotsizeand３mm/s
scanningspeed．Thewearresistanceofthecoatings
wastestedusingauniversalweartester(MMWＧ１)
withadisk madeofCr１２MoVasthecounterpart
witha１００Nloadanda１００r/minrevolutionrate
for１５minatroomtemperature．Thestructureand
elementaldistributionofthecoatingswereobserved
with a scanning electron microscope ( HitachiＧ
S３４００,Japan)．Thephasecompositionwasanalyzed
withanXＧraydiffractometer (Shimadzu７０００, JaＧ
pan), withascanningspeedof８(°)/sandscan
rangeof２０°－９０°．ThemicrohardnessofthecoatＧ
ings wastested usinga Vickershardnesstester
(DHVＧ１０００) witha１９６Nloadanddwelltimeof
１０s．

３．ResultsandDiscussion
　Fig１(a) showstheXＧraydiffractionpatternof
theasＧsprayedcoating．ItcanbeseenthattheasＧ
sprayedcoatingmainlyconsistsofpuremetals,exＧ
ceptforsmallquantitiesofFeＧCrandFeO．ThecoatＧ
ingcannotbedeemedaHEAcoating,sincenohigh
entropyphasewasobtained．After６００and９００°C
heattreatment, andlaserreＧmelting, asshownin
Fig１(b),thecompositioninthecoatingschanged．
Afterthe６００°Cheattreatment, aBCCstructure
existedinthecoating．CrＧO, AlNi３andpuremetＧ
als,likeAlandNi, couldalsobedetected．After
the９００°Cheattreatment,thecontentofCrＧOinＧ
creasedandthecontentofpuremetaldecreased．AfＧ
terlaserreＧmelting,BCCandAlNi３phasescouldbe

(a) AsＧsprayedcoating; 　 (b) Diffractionanglesof２０°－９０°; 　 (c) Diffractionanglesof４２°－４８°．
Fig１．　XＧraydiffractionpatterns．

detected,similartotheconclusionofChenetal[２０] ．
　AccordingtotheGibbsfreeenergyformula[２１] ,
　　ΔGmix＝ΔHmix－TΔSmix (１)
where, ΔHmixrepresentsthemixingenthalpyofthe
alloysystem;TrepresentsthethermodynamictemＧ
perature;ΔSmixrepresentsthemixingentropyofthe
alloysystem; andΔGmixrepresentstheGibbsfree
energy．AccordingtotheBoltzmannentropyhypothＧ
esis,themixingenthalpyofanalloysystemcanbe

representedas:
　　ΔSmix＝－R[C１lnC１＋C２lnC２＋＋CnlnCn]

(２)
where,Rrepresentsthegasconstant;andC１,C２
Cnrepresentsthemolefractionofeachelement．The
diffusionphenomenonproducedbyheattreatment
enhancedthesystementropyaccordingtoEq(２)．It
isknownthatthemixingentropyofanalloywillinＧ
creasewithincreasingtreatmenttemperature．The
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