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Abstract:ACrＧNiＧMooverlayerwasdepositedonthesurfaceofcompactedgraphiteiron(CGI)bytheplasmatransＧ
ferredarc(PTA)alloyingtechnique．ThemicrostructureofCrＧNiＧMooverlayerwascharacterizedbyopticalmicrosＧ
copy(OM),scanningelectronmicroscopy(SEM)equippedwithenergydispersivespectroscopy(EDS),andXＧray
diffractometer(XRD)．ResultsshowthatthecrossＧsectionconsistsoffourregions:alloyingzone(AZ),moltenzone
(MZ),heataffectedzone(HAZ),andthesubstrate(SUB)．ThemicrostructureofAZmainlyconsistsofcellularγＧ
(Fe,Ni)solidsolution,residualausteniteandanetworkofeutecticCr７C３carbidewhiletheMZareahasatypical
featureofwhitecastiron(M３CＧtypecementite)．Themartensite/ledeburitedoubleshellsareobservedintheHAZ．
WithdecreasingtheconcentrationofCrＧNiＧMoalloys,thefracturemodechangesfromductileintheAZtobrittlein
theMZ．ThemaximumhardnessoftheAZ (４５０HV０􀆰２)islowerthanthatoftheMZ (８００HV０􀆰２)．Theeutectic
M３CandM７C３carbidesincreasethemicrohardness,whiletheaustenitedecreasesthatoftheAZ．
Keywords:plasmatransferredarc;compactedgraphiteiron;microhardness;fracture;NiＧCrＧMocoating

　　Duetoitshighstrength,lowＧcost,goodtherＧ
malＧfatigueresistanceandexcellentcastingformＧ
ability,compactedgraphiteiron (CGI)isagood
candidateto producecomplexcastings withthin
wallssuchascylindershead,engineblocks,and
brakedisk[１,２]．However,low hardnessandpoor
wearresistanceofCGIlimititsfurtherindustrialapＧ
plication．Currently,surface modificationviahigh
energybeamssuchaslaser,electronbeam,andplasma
transferredarc(PTA)hasbeenprovedtobeanefＧ
fectivemethodtoincreasethehardness,wearresistＧ
anceanderosionresistanceofpartsexposedtosevere
serviceconditions．Suchhardfacingcanbeachieved
byadoptingappropriatealloyingelementssuchas
chromium,nickeland molybdenum[３]．Although
PTAhasrelativelylowerenergydensitythanlaser
andelectronbeamtechnique,PTAtreatmenthasatＧ
tractedincreasingattentionsinrecentyearsbecause
ofitsadvantagesofnorequirementforanypreＧ

treatmentoravacuumenvironment,highenergyefＧ
ficiencyandlowrunningcosts[４Ｇ７]．DuringthePTA
surfacealloyingprocess,thepowdersareencroached
intoa meltingpoolonthebase materialthrough
plasmaheatingsource．ThepowdersthermalbehavＧ
iorsuchasmelting,vaporizingandchemicalreacＧ
tionswillproducehardalloyＧcarbideswhicharethe
carriersofimprovedpropertieslikehighhardness
andgoodabrasionresistance[８]．
　　However,astateofhighresidualstressand
poortoughnessusuallyappearsinevitably during
highＧenergy beam treatmentprocess．Forengine
componentsservedinthethermal,corrosive,and
wearing service environments, ductile property
shouldalsobehighlyconsidered．Toachieveaunique
combinationofthesecharacteristics,rationalalloys
couldbeadoptedtoobtaintherequiredmicrostrucＧ
tureandsuitable mechanicalpropertieswithinthe
hardfacinglayer．Thechromiumcarbidescombined



withnickelsolidsolutionshowagoodsurfacefinＧ
ish,and reliable wearand corrosion resistances
withoutheavilycompromisingtheductilityunder
theconditionofstressabrasion[９Ｇ１１]．AlthoughNiＧCr
systemsarewidelyacknowledgedaswearandcorroＧ
sionprotectivecoating,littleattentionhasbeenpaid
totheformationofaCrＧNiＧMooverlayeronthesurＧ
faceofCGIbythePTAtechnique．Thus,inthispaＧ
per,PTAwasusedastheheatsourcetoproducea
CrＧNiＧMooverlayerontheCGI．The microstrucＧ
ture,phases,fractureand microhardnessofthe
PTA modifiedlayerwerestudied．

１　ExperimentalProcedure
　　Thestarting microstructureofCGI(RuT３５０)
consistsofvermiculargraphitesandferritessurＧ
roundedbyislandＧlikepearlitesanditschemical
compositionisshowninTable１．

　Table１　ChemicalcompositionofCGI(RuT３５０)　mass％

C Si S Mn P Mg RE Fe

３􀆰６０ ２􀆰６０ ０􀆰０１ ０􀆰５３ ０􀆰０４ ０􀆰０１ ０􀆰０２ Balance

　　Thespecimenswereintheformofplatewith
lengthof６０mm,widthof３０mmandthicknessof
１５mm．Thespecimenswerepolishedby３００grit
emerypaperandthencleansedviaacetonetoremove
oxidesand residue．The alloying powders were
mainlycomposedofNi,Cr,Mo,andCu,asshown
inTable２．

Table２　ChemicalcompositionofCrＧNiＧMocoating　mass％

Ni Cr Mo Cu

５０－６５ ２０－２５ ２０ １０－１５

　　Thepowdersmixedwithmoderateamountof
sodiumsilicatewerethenbrushedonthesurfaceof
substrate．TheequipmentofPTA canachievea
maximumenergylevelof１０６ W/cm２[１２]．Fig􀆰１deＧ
pictstheschematicdiagram ofthePTAtorch．A
plasmaarcisgeneratedbetweenthetungstenneedle
andthespecimen,wherethesampleservesasthe
anodeandthetungstenneedleservesasthecathode．
Argonwasemployedasboththeplasmasourcegas
andshieldinggasduringthePTAＧalloyingprocess．
ThemainexperimentalparametersofthePTAalloＧ
yingprocessarelistedinTable３．
　　TransversesectionsofPTACrＧNiＧMoalloying
onCGIwereobtainedbyparallelcuttingtothelength

１—Plasmapowersource;　２—Pilotpowersource;　３—Popper
electrode;　４—Coolingwaterforelectrode;　５—Insulatingbush;
６—Nozzle;　７—Coolingwaterfornozzle;　８—Tungstenneedle;

９—Nozzletip;　１０—Workdistance．
Fig􀆰１　SchematicdiagramofthePTAtorch

Table３　ParametersofthePTAsurfacealloying
Main

arc/A
Travelingspeed/
(mm􀅰min－１)

Diameterof
nozzle/mm

Working
distance/mm

９０ ８００ ４ ２

direction．Thesamplewaspreparedby mounting,
grinding,polishingandthenetchedwith４vol􀆰％ nital
orchloroazoticacid．MicrostructureandelementdisＧ
tributionofthesample wereexaminedbySUＧ７０
scanningelectron microscopy (SEM)equipped with
OxfordenergydispersiveXＧrayspectroscope (EDS)．
TheXＧraydiffractometer(XRD)usingCuKα(λ＝
１􀆰５４０３×１０－４μm)radiationwasappliedtoidentify
thephasesofthebuiltＧuplayer．Andmicrohardness
ofthecrossＧsectionalongthedepthofPTAＧmodified
layer was determined by Vickers microhardness
tester(EVERONEMHＧ６)．Fracturetestswerealso
conductedtodiscussthefailuremodesofthePTA
CrＧNiＧMohardfacingoverlayer．

２　ResultsandDiscussion

２􀆰１　Microstructure
　　ThemacroscopicappearanceofPTAalloyingon
theCGIsampleisillustratedinFig􀆰２(a),whichexＧ
hibitssmoothsurfacewithoutremarkableporosities
andcracks．ThecrossＧsectionmorphologyofthealＧ
loyinglayerisillustratedinFig􀆰２(b),andthearrow
showsthePTA modifieddepthfromthesurfaceto
thesubstrate(SUB)．ItisnoticeablethatthemicroＧ
structuralfeatureoftheoverlayercanbedividedinto
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(a)Macrograph;　 (b)LowＧmagnifiedcrossＧsectionmorphology;　 (c)Microstructuralevolutionfrom AZtoMZ．
Fig􀆰２　ObservationofthePTAalloyedlayerontheCGIsample

fourpartsbythreeobviousboundaries:alloyingzone
(AZ),moltenzone(MZ),heataffectedzone(HAZ)
andtheSUB．DuetotheGaussiandistributionofenＧ
ergy[１３],theoverlayerhasametallurgicalbondwith
thematrixbyformingamoonＧlikemoltenpool．The
thicknessoftheoverlayerisapproximately０􀆰２５ mm．
AccordingtoFig􀆰２(c),theupper AZobviously
presentsbrightwhite,implyingahighenrichment

distributionofalloyingcarbidesaswellasagoodreＧ
sistanceagainstthenital′scorrosion．ThecomparaＧ
tivelyuniformoverlayercouldbeobtainedbymultiＧ
pleoverlappingprocess(overlappingrate＝２５％)．
　　Fig􀆰３showsthemicrostructuralfeatureofPTA
alloyedoverlayer．ItisevidentfromFigs􀆰３(a)and
３(b)thatthegraphiteintheAZmeltsalmostcomＧ
pletelyandisnolongerformedagainduringresolidiＧ

L—Ledeburite;　M—Martensite;　AR—Retainedaustenite;　G—Graphite;　P—Pearlite;　F—Ferrite．
(a)AZ(theinsetistheSEMimageshowingcellularstructure);　 (b)MZ(theinsetisSEMimageshowingthebulkyFe３C);

(c)HAZ;　 (d)SUB．
Fig􀆰３　MicrostructuralevolutionafterPTAsurfacealloying
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fication．ThisisbecausePTAtreatmentisarapid
nonＧequilibrium solidification and the rapid selfＧ
quenchingafterPTAalloyingsuppressesthereforＧ
mationofgraphiteinfavoroftheformationofwhite
castiron (cementite)[１４]．From theFeＧNibinary
phasediagram[１５],FeandNifirstlyformareticular
γＧ(Fe,Ni)solidsolutionundertheliquidusline．
Duringthemeltingandsolidification,preＧplacedNi
byPTAgenerallycannotproducechemicalreactions
withotherelementssuchasCr,MoandC,soit
playsakeyroleinformingγＧ(Fe,Ni)solidsolution
withFeinthesubstrate,whichisalsoconfirmedby
XRDanalysis,asshowninFig􀆰４．Inspiteofthis,Ni
isastrongelementtofacilitatetheformationofausＧ
tenite,andthiscanbepartofreasonsfortheexistＧ
enceoflargeamountofresidualaustenite(CFe１５􀆰１)
intheAZ．AnotherreasonfortheretentionofausＧ
teniteisthehighamountofalloyingelementsinthe
AZwhichlowerstheonsettransformationtemperaＧ
tureofaustenitetomartensiteatroomtemperature,
andthereisnoenoughtimefortheaustenitetocomＧ
pletelychangeintomartensiteintherapidresolidifiＧ
cation．ThecomplexphaseCr７C３isformedinthealＧ
loyasreＧprecipitatedcarbidesduringthefastcooling
process．Finally,attheeutecticpoint,remaining
liquidssolidifyintoanetworkofeutecticcementite
(Fe３C)[１６]．Hence,themicrostructureofAZmainly
consistsofγＧ(Fe,Ni)solidsolution,residualausＧ
teniteandanetworkofeutecticCr７C３carbideand
Fe３CＧtypecementite．Withincreasingthedistance
fromthesurface,thetemperaturegradientdecreaＧ
sesrapidly,whichhindersthediffusionofalloying
elementsandthuslimitsthedepthofthealloyed
layer．ThemicrostructureintheMZischieflycomＧ
posedofanetworkofeutecticFe３Candledeburiteas
showninFig􀆰３(b),whichisatypicalcharacteristic

Fig􀆰４　XＧraydiffractionpatternofthePTAＧalloyed
surfacelayer

ofwhitecastiron．Thesedendritesarecharacterized
bylongprimaryandsecondaryarms,indicatingthat
thereisanextremelyhighcoolingrateduringsolidiＧ
fication．Fig􀆰３(b)alsoshowsthattheneedleＧlike
martensiteislocatedinthetransformedretained
austenitecellsinthetransitionzonesbetweenthe
MZandHAZ,indicatingthatthetransformedausＧ
tenitepartlyevolvesintomartensiteandispartlyreＧ
tainedaftersolidification[３]．The HAZ microstrucＧ
tureis mainlycomposedofneedleＧlike martensite
withsomeunＧmeltedgraphitesowingtothedeＧ
creasedplasmaenergywiththeproofsoftheexistＧ
enceofmartensiteandledeburitedoubleshellsas
showninFig􀆰３(c)．Withtheincreaseofdistance
fromtheHAZtotheSUB,thefractionofmartensＧ
itedecreaseswhereasthefractionofpearlitesubＧ
stantiallyincreasesuntilrisinguptotheoriginallevＧ
elastheSUB．Itshouldbenotedthatthepresence
ofMocarbideswasnotdirectlyconfirmedbythe
XRDresults．
　　Fig􀆰５showstheenergydispersivespectrumof
theoverlayer,whichdisclosesthechemicalcompoＧ
sitiongradientofCr,Ni,Mo,andCupresentinthe
alloyingoverlayer．Intheareafromsurfacetothe
depthof０􀆰１５ mm (approximately equaltothe
thicknessofthealloyingzone),itisclearlyseen
thatthecontentsofNi,Cr,andMoshowagradual
decreasefromtheAZtotheMZwhiletheCuconＧ
centrationdoesnotchangesignificantly．ThisproＧ
videsaprooffortheformationofafunctionallygraＧ
dedsurfacewherethealloyingelementsaretapered
graduallyalongthedepthdirection．Meanwhile,the
contentofFeshowsanoppositetrend,rebounding
fromtheminimuminthenearsurfacetotheoriginal
contentoftheasＧreceivedCGI,whichfurtherconＧ
firmsthatthealloyingmaterialshavebeenmetallurＧ
gicallybondedwiththeCGIsubstrate．Itshouldbe
notedthatowingtoenergydegradationalongthedepth

Fig􀆰５　ElementaldistributionalongthePTAＧmodifiedlayer
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afterthePTAtorchmovingaway,thealloyingeleＧ
mentsareunabletodiffusecontinuallyduringthe
subsequentcooling;thus,onlyalimitedthickness
ofalloyingoverlayerisformedatthenearＧsurface．
Fig􀆰６showsthesurfacescanning microanalysisof
themiddleregionofalloyedzone．Thebackscattered
electron(BSE)imagepresentedinFig􀆰６(a)shows
thenetwork morphologyofeutecticcarbides．The
degreeoflightcontrastinFigs􀆰６(b)－６(f)repreＧ

sentstherelativeconcentrationsofcorrespondingelＧ
ements,respectively．FromFigs􀆰６(c),６(d)and６(f),
itcanbeevidentlyfoundthattheelementsofCr,Mo,
andCareenrichedinthebarＧshapedstructureoramong
thegrainboundaries,whileonthecontrary,thesame
areasaredeficientinFe．Thiscouldeffectivelyconfirm
theformationofCrand Mocarbides．Meanwhile,
thebulkＧlikeparticlesortheintracrystallinesshown
inFig􀆰６(e)areassumedtobeNiＧrichsolidsolution．

Fig􀆰６　EDSmappingofthemiddleregionofalloyingzone

２􀆰２　Fractureanalysis
　　TheSEM micrographsofthetensilefractureof
PTAＧalloyedoverlayerareshowninFig􀆰７．Itcanbe
seenthatthefracturemodeattheAZispredomiＧ
natelyductile,becauseagreatnumberofdimples
andtearingridgesconnectingthemicroscopicdimＧ
plesareobservedinFigs􀆰７(b)and７(c)．ThisisbeＧ
causetheγＧ(Fe,Ni)andausteniteattheAZare
ductilephases,whichcontributetotheductilefracＧ
turefeatures．Atthe MZ,thelargeeutecticdenＧ
drites,martensiteandblockycementitearebrittle,
whichrendercrackstospreadalongtheinterfaceof
theeutectics,presentingtypicalriverpatternsand
intergranularfractures(Fig􀆰７(d))．Therefore,the
fracturemodealmostchangestobefullybrittle．At
theHAZ,themaincharacteristicofthefractureis
stillabitbrittleduetoitsintergranularandquasiＧ
cleavagefracture,asshowninFigs􀆰７(f)－７(h)．
TheSUB,however,presentsobviouscleavagesteps
butstillseems moreductilethanthebrittle MZ
thankstotherelatively goodtoughnessof CGI．
Therefore,itcanbesafelyconcludedthattheAZ
showsthebestplasticcapabilityinthecrossＧsecＧ
tion,indicatingthattheCrＧNiＧMooverlayercould

improvetheductilepropertyofCGI．

２􀆰３　Microhardnessprofile
　　ThemicrohardnessprofileasafunctionofdisＧ
tancefromthesurfaceisshowninFig􀆰８．According
tothe microstructureanalysis,fourregions with
differentrangesofmicrohardnessvaluecouldbedisＧ
tinguished．ItcouldbeclearlyseenthatthemaxiＧ
mum microhardness(about８００HV０􀆰２)isobtained
intheMZratherthanthetopsurfaceofAZ(approxiＧ
mately４５０ HV０􀆰２ )．The microhardness decreases
graduallywithanextendingdepthofapproximately
１mmandlevelsoffatapproximately２７０ HV０􀆰２,
whichistheoriginalmicrohardnessofthesubstrate．
ThemicrohardnessofthePTAＧalloyedsampleisapＧ
proximately１􀆰５－３􀆰０timesthatoftheuntreatedsubＧ
strate,provingthatPTAalloyingprocesscanenＧ
hancethe microhardnessofsubstrateeffectively．
ThissignificantincreaseinhardnessismostlyrelatＧ
edtothephasetransformations．Ononehand,the
eutecticcarbidesCr７C３and M３CformedattheAZ
contributetothehardnessincrease;ontheother
hand,theγＧ(Fe,Ni)andausteniteCFe１５􀆰１attheAZ
leadtothehardnessreduction．FromtheHAZtothe
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(a)OverviewofAZtoMZ;　 (b)MagnifiedAZzone;　 (c)TransitionbetweenAZandMZzone;　 (d)MagnifiedMZzone;
(e)TransitionbetweenMZandHAZ(intergranularzone);　 (f)HAZ(fromintergranularzonetoquasiＧcleavage);　 (g)Magnified
HAZ(quasiＧcleavagezone);　 (h)TransitionbetweenHAZ(quasiＧcleavagezone)andSUB;　 (i)MagnifiedSUB(cleavagezone)．

Fig􀆰７　FractographyofthePTAＧalloyedoverlayerfromoutersurfacetoinnersubstrate

Fig􀆰８　Microhardnessprofilealongthedepthof
thePTAＧalloyedlayer

SUB,themicrohardnessshowsagradualdecrease．
Thisisbecausethevolumefractionofmartensite
andcementitephasesreducesasaresultofdeclining
coolingratewithincreasingthedistancefromsurface．
　　Notably,theabruptdiscontinuityinthehardＧ
nessisconsideredasoneofthekeyreasonsforpoor
adhesion,leadingtoexfoliationandsplittingofcoatＧ
ing．Thus,theslightgradientinthemicrostructure
variationalongthedepthofthePTAＧalloyedlayer
contributestogoodadhesiontothematrix,which

cannotbeproducedbyconventionalprocessingtechＧ
nique．Itisacknowledgedthatthehardenedlayerat
thesurfacecouldprotectthematrixfrom wearbut
attheexpenseofsometoughness．However,inthis
coatingsystem,duetotheformationofrichγＧ(Fe,
Ni)andthegoodductilityofaustenite,themodified
surfacestillkeepsagoodductileprofilethoughsacＧ
rificingsomemicrohardness．

３　Conclusions
　　ThePTAstrengtheningtechniquesuccessfully
producesaFeＧCＧCrＧNiＧMoalloyingzoneonthesurＧ
faceofcompactedgraphiteiron．ThecrossＧsection
afterPTAalloyingcouldbedividedintofourregions:
AZ,MZ,HAZandSUB．Thecontentdistribution
ofCr,Ni,andModecreasesgraduallyfrom AZto
HAZwhilethatofFeshowsanupwardtrend,indiＧ
catingthatareliablemetallurgicalbondwasachieved
betweenthehardfacingoverlayerandtheSUB．The
microstructureofAZshowsthatitcontainsγＧ(Fe,
Ni),austenitecoupledwithanetworkofeutectic
Cr７C３ carbideandFe３Ccementite,which wasalso
confirmedbytheXRDtechnique．
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　　Themaximum microhardnessisdeterminedin
thesubsurfaceofPTAoverlayerwithavalueofabout
８００HV０􀆰２,whichisapproximately１􀆰５－３􀆰０times
thatofthematrix．Forthefracturemorphologyof
theAZcrossＧsection,alargenumberofdimplesand
tearingridgesconnectingthe microscopicdimples
areobservedandthefracturesurfaceshowsmixed
intergranularfractureandriverpatternmorphology
intheMZ．Thefavorableincreaseinmicrohardness
atnosacrificeofgoodductilityintheAZisattribuＧ
tedtothegenerationofγＧ(Fe,Ni),austeniteand
thenetworkofeutecticCr７C３ carbideas wellas
grainrefininginducedbythefastnonＧequilibrium
solidification．
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