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Abstract:Surfacemicrostructureandmicrohardnessof(ferrite＋cementite)microduplexstructureoftheultrafineＧ
grainedhighcarbonsteelafterlasershockprocessing(LSP)withdifferentimpacttimeswereinvestigatedbymeans
ofscanningelectronmicroscopy(SEM),transmissionelectronmicroscopy(TEM),XＧraydiffraction(XRD)and
microhardnessmeasurements．Equiaxedferritegrainswererefinedfrom４００to１５０nm,andthecementitelamellae
werefullyspheroidized,withadecreaseoftheparticlediameterfrom１５０to１００nmastheimpacttimesincreased．
Thecementitedissolutionwasenhancedsignificantly．Correspondingly,thelatticeparameterofαＧFeandmicrohardＧ
nessincreasedwiththeimpacttimes．
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　　Lasershockprocessing(LSP)isanewsurface
modificationtechnologyforimproving metal meＧ
chanicalpropertiesatultraＧhighstrainrates(１０６－
１０７s－１)[１]．ShockwavesgeneratedduringLSPorigＧ
inatefromtheplasmavolumeexpansionformedon
thematerialsurfacewhenitisirradiatedwithalaser
operatedinthenanosecondorsubＧnanosecondrange
withpowerdensitytypicallygreaterthan１０９ W/cm２．
Thisshock wavealtersthesurface microstructure
and mechanicalproperties of materials,such as
hardness and fatigue strength[２,３]．The fatigue
strengthincreasesduetothesurfacecompressivereＧ
sidualstressesintroducedbytheshock waves[４]．
TheincreaseinhardnessandyieldstrengthisattribＧ
utedtothehighdensityarraysofdislocationsinsevＧ
eralalloys[５]anddeformationtwinsinsomeferrous
alloys[６]generatedbylasershockwave．Therefore,
LSPhasbeenusedtohardenthesurfaceandimＧ
provethemechanicalpropertiesofsomestructural
metalcomponentsmadefrom magnesiumalloys[７],

aluminumalloys[８],copper[９]andtitaniumalloys[１０]．
　　Steelsarewidelyusedintheindustry．LSPof
steelhasbeenextensivelystudiedandreportedin
theliterature．Forexample,Nikitinetal[１１,１２]comＧ
paredthenearsurfacemicrostructurechangeandfaＧ
tiguelifeimprovementofAISI３０４stainlesssteelafＧ
terLSPanddeeprolling(DR)．HuandYao[１３]inＧ
vestigatedLSPofAISI１０４５steelbyfiniteelement
modeling,andtheresultswerevalidatedbyexperiＧ
ments．Chuetal[１４]comparedmicrostructure,hardness
andresidualstressgeneratedbyLSP,DRandshot
peening(SP)on Hadfieldmanganesesteel．Inthe
studyperformedbyChuetal．,itwasfoundthat
LSPresultedinalargehardnessincreaseduetothe
highdensityεＧmartensitephaseformation．Luet
al[５,６]investigatedLSPofLY２AlalloyandAISI
３０４stainlesssteelbysingleandmultiplepulses．The
effectofgrainrefinementbymultiplepulseLSPwas
superiortothatbyasinglepulse,revealingtheunＧ
derlyinggrainrefinementmechanism．Recently,traＧ



ditionalmaterialswithcoarse micrometerＧlevelgrains
havebeenstudiedextensively．ComparedwithtradiＧ
tionalmaterials,theultrafineＧgrainedmaterialshave
somespecialproperties．However,fewstudieshave
focusedonthesimilaritiesanddifferencesofmicroＧ
structureandmechanicalpropertiesbetweentheulＧ
trafineＧgrainedmaterialsandthetraditionalmateriＧ
alsduringLSP．Inpreviouswork[１５],surfacemicroＧ
structureand residualstress of ultrafineＧgrained
highcarbonsteelafterLSPwithdifferentlaserimＧ
pactenergieswereinvestigated．However,theeffect
oftheimpacttimesonmicrostructureandmechaniＧ
calpropertiesoftheultrafineＧgrained materialsis
stillunknown．
　　Therefore,theaimofthisworkistoinvestiＧ
gatetheeffectsofmultipleLSPimpactsonmicroＧ
structureandmicrohardnessoftheultrafineＧgrained
materials．Theunderlying microstructureevolution
mechanismafterLSPwasrevealed．

１　Experimental
１１　Experimentalmaterials
　　Thematerialusedinthisstudywascommercial
T８steel．ThechemicalcompositionofT８steelis
showninTable１．Toensurethefullevolutionof
pearlite,allspecimens werevacuum annealedat
１２７３Kfor３０minandthenplacedintoasaltbath
furnaceat８７３Kfor３０min,followedbywatercoolＧ
ingoutsidethefurnace．ThesamplesweresubseＧ
quentlymachinedintocylindricalbarsof４９mmin
lengthand８３mmindiameter．

　Table１　ChemicalcompositionofT８steel　　mass％

C S Si Mn P Cr Ni Cu Fe

０８２ ００１２０２４４０３３４００１１ ００９ ００４３０１２４ Balance

　　Theequalchannelangularpressing (ECAP)
wasdoneintheDivisionofSpecialSteelsofCentral
IronandSteelResearchInstitute,China．TheECAP
experimentswereconductedusingasplitdiewith
twochannelsintersectingataninnerangleof１２０°
andanouterangleof３０°．Samplesweresubjectedto
fourECAPpassesat９２３KusingtheBcroutemethＧ
od,inwhicheachspecimenwasrotated９０°along
thelongitudinalaxisbetweenthepasses．ThesamＧ
plesusedforLSPwerecutintoacircularshapewith
dimensionsofϕ８mm×２mm．PriortotheLSPtreatＧ
ment,samplesurfacewaspolishedwithdifferentgrade
SiCpapers(５００to２４００grit),followedbycleaning
indeionizedwater．Ultrasoundcleaninginethanol

wasusedtodegreasethesamplesurface,andLSP
wasconductedshortlyafterthesamplepreparation．

１２　LSPparameters
　　TheLSPexperimentswereperformedusingasolid
stateNd:glassphosphatelaseroperatedat５Hzwitha
wavelengthof１０６４nm,andthefullwidthathalf
maximum (FWHM)ofthepulseswasabout１５ns．The
laserbeamspotsizeonthesamplewas３mm．Samples
weresubmergedintoawaterbathwheretheywere
treatedwithLSP．Awaterlayer,about１mmthick,
wasusedasthetransparentconfininglayer,and
commercial１００μmthickAltapewasusedasanabＧ
sorbinglayertoprotectthesamplesurfacefrom
thermaleffects．ThesamplesweretreatedrespecＧ
tivelyby２,４,and６LSPimpactswiththesamelaＧ
serpulseenergyof２J．Theprocessingparameters
usedinLSParelistedinTable２．Duringmultiple
LSPimpacts,thelaserbeam wasperpendicularto
thesamplesurface,treatingthesameareaofthe
sample,andtheAltapewasreplacedaftereachof
themultipleLSPimpacts．

Table２　ProcessingparametersusedinLSP

　Type Value

　Beamdivergenceofoutput/mrad ≤２
　Spotdiameter/mm ３
　Pulseenergy/J ２
　Impacttimes ２,４,６
　Pulsewidth/ns ＜１５
　Repetitionrate/Hz ５
　Laserwavelength/nm １０６４
　Energystability ＜１５％

１３　Microstructurecharacterization
　 　 FieldＧemissionscanningelectron microscopy
(FESEM,QUANTAFEG６５０)wasusedforsurface
morphologyanalysis．Thespecimenswereetchedusing
４％ nitalsolutionafterLSP．Transmissionelectron
microscopy(TEM,JEMＧ２０１０)wasusedtoexamine
themicrostructureoftheprocessedspecimens．Thin
foil,mechanicallypolisheddownto４０μm,wasutiＧ
lizedforTEMsamplepreparationbyusingadouble
jetelectrolyticthinningtechnique(３０V,５０mA)in
a９３vol％ aceticacidand７vol％ perchloricacid
mixture．Liquidnitrogenwasusedforcoolingduring
thethinningprocess,withthetemperaturerising
nothigherthan２４３K．
　　AD８ADVANCEXＧraydiffractometer(XRD)
withCuKαradiationwasusedtodeterminethephase
changes．Thetubevoltageandcurrentwere３５kVand
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４０mA,respectively．ThetubeanodewasCuKα１(λ＝
０１５４０６nm),andthewidthofthereceivingsilt
was２mm．Thefinallatticeparameterofferritewas
calculatedfromtheobtaineddataby meansofexＧ
trapolationandtheleastsquaremethod．

１４　Measurementsofmicrohardness
　 　 Microhardnessofthelaserprocessedregions
wasmeasuredbyusinganMHＧ３VickersmicrohardＧ
nesstesterwithnormalloadof２Nandholdingtime
of１０sontheasＧpolishedandlaserprocessedregions．
Anaverage microhardness value was determined
basedon５indentationmeasurements．

２　ResultsandDiscussion
２１　Microstructureevolution
　　MicrostructureoftheultrafineＧgrainedsteelbefore
andafterLSPisshowninFig１．Figs１(a)and１(b)
showtheSEMandTEM micrographsofthesamples
beforeLSP．AfterfourECAPpasses,the microＧ
structurechangesfromlamellarpearlitetoanultraＧ
fine (ferrite＋cementite)microduplexstructure．
Theaveragegrainsizeofferriteis４００nmandthe
particlediameterofthecementiteisabout１５０nm．
Insomeregions,theshortbarshapedcementitecan
stillbeobserved．Themicrostructureandmechanical

(a)SEM,beforeLSP;　 (b)TEM,beforeLSP;　 (c)SEM,after２LSPimpacts;　 (d)TEM,after２LSPimpacts;
(e)SEM,after４LSPimpacts;　 (f)TEM,after４LSPimpacts;　 (g)SEM,after６LSPimpacts;　 (h)TEM,after６LSPimpacts．

Fig１　SEMandTEM micrographsofultrafineＧgrainedsteelmicrostructurebeforeandafterLSP

propertiesofECAPedultrafineＧgrainedhighcarbon
steelwereinvestigatedinthepreviouswork[１６,１７]．
　　After２LSPimpacts,someshortbarshaped
cementiteisstillpresent(theellipseinFig１(c))．

Theamountofthecementiteparticlesonthesurface
islessthanthatinthesubsurface,andthecorreＧ
spondingparticlediameterofthesurfaceisslightly
largerthanthatofthesubsurface,asseeninFig１

７５Issue１　　　　　MicrostructureEvolutionandMicrohardnessofUltrafineＧgrainedHighCarbonSteel　



(c)．Meanwhile,dislocationsweregeneratedandacＧ
cumulatedintheferriteduetothesevereplasticdeＧ
formation,andtheshapeoftheferritewaschanged
fromequiaxedtoelongatedgrains,asseeninFig１
(d)．After４LSPimpacts,theshortbarshapedceＧ
mentitedisappearedcompletely．ThecementiteparＧ
ticlesizeisinhomogeneouslydistributed．Asseenin
Fig１(e),thesizeofthelargeparticlesis３００nm,
whilethesizeofthesmallonesisabout５０nm．The
shapeoftheferriteischangedfromelongatedtorecＧ
tangulargrains,andtheaveragegrainsizeofferrite
isaround３００nm．WithmoreLSPimpacts,alarge
amountofhighdensitytangleddislocationswereobＧ
servedinFig１(f)．After６LSPimpacts,asseenin
Figs１(g)and１(h),thesizeofthespheroidizedceＧ
mentiteparticlesisabout１００nm．Meanwhile,finer
equiaxedferritegrainswereformed,withanaverage
grainsizeof１５０nm．ThisismainlyduetomoredisＧ
locationsformedaftereachLSPimpact．Dislocation
linespileＧupcontributestotheformationofdislocaＧ
tiontanglesanddensedislocationwalls(Fig１(h))．
DuringmultipleLSPimpacts,thesecondLSPimＧ
pactmayleadtothechangeofslipsystemsalong
thedepthdirection,eveninsidethesamegrain,so
dislocationtanglesanddensedislocationwallscould
leadtosubgrain boundariesseparatingindividual
cells．Finally,subgrainswitha widthof１００nm
form,whicheventuallytransformintoequiaxedreＧ
finedgrainsbythedevelopmentofsubgrainboundaＧ
ries,asseenfrom Fig１(h)．Theevolutionofthe
continuouslydynamicrecoveryandrecrystallization
insubgrainboundariesleadstoagradualtransition
ofboundariescharacteruntiltheformationofreＧ
finedgrainboundaries[１８]．AftermultipleLSPimＧ
pacts,thestrainandstrainrateincreasefurther,
anddislocationtanglesanddensedislocationwalls
couldforminsidetherefinedgrains,indicatingthat
therefinedgrainscouldbesubdividedfollowinga
similar mechanism．As a result,the ultrafineＧ
grainedstructureswerefurtherrefined．SimilarpheＧ
nomenonwasalsoobservedinAISI８６２０steelby
multipleLSPimpacts[１９]．

２２　XRDanalysis
　　Fig２showstheXRDpatternsoftheultrafineＧ
grainedsteelbeforeandafterLSP．Comparedwith
theultrafineＧgrainedsteelafter４passesofECAP,
theαＧFepeaksofthesamplesafterLSPshiftto
smallerdiffractionangles．MoreLSPimpactssignifiＧ
cantlyshifttheαＧFepeakstowardsthesmallerdifＧ
fractionangles．ThelatticeparameterofαＧFeis

０２８５７８ nm inthe ultrafineＧgrained steel．With
moreLSPimpacts,thelatticeparameterofαＧFeinＧ
creased．AfterLSPwith２,４and６impacts,thelatＧ
ticeparameterofαＧFeis０２８６１３,０２８６３１and
０２８６５３nm,respectively．Thecarboncontentin
thepearliteferriteafterdifferentimpacttimescan
beestimatedaccordingtotherelationshipbetween
thelatticeparameterandcarboncontentofαＧFegivＧ
en by Fasiska and Wagenblas[２０]．Corresponding
changeofthecarboncontentinαＧFeis００９％,
０１４％and０１９％after２,４and６impacts,respecＧ
tively．Thisindicatesthatthecementitedissolution
resultsintheincreaseofthecarboncontent,leading
totheincreaseofαＧFelatticeparameters．Similar
changesofαＧFelatticeparameterswerereportedin
previousstudyforcoldＧrolledpearliticsteels[２１]．LSP
isacoldprocessingtechnique[２２,２３]．DuringultraＧ
highstrainratesdeformationintroducedbyshock
wave,thecementiteisintheformofbent,kink,
fracture,andevendissolutiontocoordinatethedeＧ
formationoftheferrite．MoreLSPimpactsleadto
highercementitedissolutionandamoresignificant
leftshiftoftheαＧFepeaks．

Fig２　ChangesofXRDpeakpositionofαＧFein
ultrafineＧgrainedstructurebeforeandafter

differentnumberofLSPimpacts

２３　Microhardnessanalysis
　　MeasuredmicrohardnessvaluesoftheultrafineＧ
grainedsteelnearthesurfaceafterdifferentLSPimＧ
pacttimesareshowninFig３．MicrohardnessinＧ
creaseswithLSPimpacttimes．Meanwhile,microＧ
hardnessintheimpactcenterisobviouslyhigher
comparedwiththecorrespondingvaluesattheedge．
Thisisbecausethestressinducedbytheshockwave
hasaGaussiandistributionduetothecharacterof
thelaserpulseenergy[２２]．Intheimpactcenter,seＧ
vereplasticdeformationoccurred,sothemicrohardＧ
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Fig３　MicrohardnessofultrafineＧgrained
structureafterdifferentLSPimpacts

nessishigherthanthatinotherregions．Withmore
LSPimpacts,thedepthofsevereplasticdeformaＧ
tionincreased．After２,４and６LSPimpacts,the
microhardnessintheimpactcenterincreased by
１１７％,１７２％,and２４７％from２９１HV (before
LSP)to３２５,３４１and３６３HV,respectively．Itcan
beseenthatthemicrohardnessisincreasedby４９％
and６５％ whentheimpacttimesincreasedfrom２
to４andfrom４to６,respectively．Thisindicates
thatthemicrohardnessintheimpactcentertendsto
risewith moreLSPimpacts．With moreLSPimＧ
pacts,thegrainisfurtherrefinedandthedislocation
densityintheferriteincreasessignificantly．Dueto
thejointactionofthedislocationstrengtheningand
grainrefinement,themicrohardnessintheimpact
centerincreaseswithLSPimpacttimes．

３　Conclusions
　　 (１)WithmoreLSPimpacts,theultrafineＧgrained
highcarbonsteelwasfurtherrefined．TheshapeofferＧ
rite grains changes significantly from equiaxed
structures(beforeLSP)toelongatedgrains(２LSPimＧ
pacts),thentorectangularshapes(４LSPimpacts),
andthentofinerequiaxedstructures (６LSPimＧ
pacts)．Thegrainsizeofferriteisrefinedfrom４００
nm (beforeLSP)to１５０nm (６LSPimpacts)．The
cementitelamellaearefullyspheroidizedandthe
particlediameterofthecementiteisdecreasedfrom
１５０nm (beforeLSP)to１００nm (６LSPimpacts)．
　　 (２)ThelatticeparameterofαＧFeincreases
from０２８５７８nmpriortoLSPto０２８６５３nmafter
６LSPimpacts,indicatingthatthecementitedissoＧ
lutionincreaseswithmoreLSPimpacts．ThecorreＧ
spondingchangeofthecarboncontentinαＧFeincrＧ

easesto０１９％after６LSPimpacts．
　　 (３)Thevalueofthemicrohardnessincreases
withtheincreaseofLSPimpacttimes．After６LSP
impacts,themicrohardnessincreasesfrom２９１HV
(beforeLSP)to３６３HV．
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