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ABSTRACT

Titaniumnitrideprecipitationonaprimaryinclusionparticleduringsolidificationofbearingsteelhasbeen
trackedbyvaryingtemperatureinaconfocalscanningvioletlasermicroscope．Uponprecipitation,anobviＧ
ousgrowthoftitaniumnitrideonaprimaryinclusionparticlewasobservedduetotherapidsolutediffuＧ
sioninliquidsteel．TheonsetoftitaniumnitrideprecipitationdidnotchangewithprimaryinclusionpartiＧ
clesize,butthetimeofgrowthwasgreaterforasmallerprimaryinclusionparticle．Meanwhile,thepartiＧ
clesizedisplayedlittleinfluenceonthetotalprecipitatedamountoftitaniumnitrideonitunderthesame
conditions．Atthelaterperiodofsolidification,almostnochangeoccurredininclusionsize,buttheincluＧ
sionshapevariedfromcircletoalmostsquareintwoＧdimension,orcubicinthreeＧdimension,toattainthe
equilibriumwithsteel．

１．Introduction
　ItiswellＧknownthatmicrocracksnucleateeasily
betweensteelandtitaniumnitrides, whichdeterioＧ
ratessteelmechanicalproperties．Titaniumnitrides
areusuallyacomponentofcomplex, multiＧphase
inclusions．Duringsolidificationofsteel, titanium
andnitrogen willenrichatthesolidificationfront
becausetheyhavedifferentsolubilitiesinliquidand
solidphases．Whentheactualconcentrationproduct
exceedstheequilibriumvalueinliquidsteel,heteroＧ
geneousnucleationandgrowthoftitanium nitride
onprimaryinclusionparticles,suchasmagnesium
aluminatespinelinbearingsteels[１] , willoccur．The
nucleationbarrierisrelativelylowforspinelincluＧ
sionsbecausethereislittlelattice mismatchbeＧ
tweenthesetwophases[２] ．
　InstudiesofcomplexinclusionswithtitaniumniＧ
trideattheperiphery, Suitoetal．focusedonthe
number,thesize,andthemorphologyofcomplex
inclusionsunderdifferentcontentsofsolutes, difＧ
ferentholdingtimeatsometemperature,andvariＧ
ouskindsofprimaryoxideinclusionparticlesinalＧ
loy[３Ｇ５] andstainlesssteels[６,７] ．Theseresultsgivemuch
guidanceforselectingdeoxidantandcontrollingsolＧ

utecontent, etc．StudiesinIFsteel[８] haveshown
thatthesmallertheprimaryoxideinclusionpartiＧ
cle,thelargertheextentoftitaniumnitridegrowth
degree．Thepresentauthorsfoundasimilarresultin
bearingsteel[９] andquantifiedeffectsofcoolingrate
andtheinitialcontentofsolutecarboninsteelonthe
growthofcomplexinclusionwithacombinedtherＧ
modynamicandkineticmodel．However, allabove
analysesarebasedontitanium nitrideinsolidified
steelsamples．Thebehavioroftitanium nitrideat
steelmakingtemperaturesanditsformationonpriＧ
maryinclusionparticleshavenotbeensystematically
studied．
　Inthispaper,theconfocalscanningvioletlasermiＧ
croscope(CSLM) wasemployedtoobserveinreal
timethegrowthoftitaniumnitride,especiallygrowth
phase,timeandmorphology,ontwodifferentsizes
ofprimaryinclusionparticlesandtheresultswere
analyzed．

２．ExperimentalProcedure
　Asteelspecimenwithchemicalcomposition(wt％)
ofC１０,Si０５７, Mn１０３,Cr１４６, Al００３９, Ti
０００４８, N０００６２, O００００９,andFebalancewas
machinedintoadisc(７８mmindiameterand２５mm
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inheight),carefullypolishedintoaplane,andsetin
analuminacrucible(８０mmininnerdiameterand
３０mminheight)．ThegapbetweenthesteelspecＧ
imenandcrucible,asshowninFig１, wassmallto
avoidtheeffectofdecliningliquidlevelonthefocus
duringthesteelremelting．IntheconfocalmicroＧ
scope,laserlight(４０８nminwavelength) wasfoＧ
cusedontosteelspecimensurfaceviaanobjective
lens．Thereflectedbeam wasfocusedthrougha
beamsplitterontothephotodetector, buildingup
animageforsubsequentdisplay．Bypassingadevice
thatgotridofwaterandoxygen,aprotectiveargon
gasatmosphere (thecontentofoxygenwaslower
than１０－９) wasusedinthisexperimenttoprevent
thespecimensurfacefromreoxidation．ThedeviaＧ
tionoftemperatureduetothermocoupleplacement
inchamberwasaround１０K,andthethermocouple
readingshavebeenusedhere．

Fig１．　Confocalnatureofoptics．

　RealtimeobservationofthegrowthcharacterisＧ
ticsoftitaniumnitrideonaprimaryinclusionpartiＧ
cleinsteelischallenging．Theprocedureusedhere
wasbasedontheauthors′previousworkstudying
dissolutionoftitanium nitride[１０] , andwascarried
outinthefollowingsteps．
　(１) Thescanningelectronmicroscopewithenergy
dispersivespectrometry (SEMＧEDS) wasfirstemＧ
ployedtoselectandmarkthelocationofarelatively
largetitanium nitrideparticlenearthecenterofa
polishedsteelspecimen．Agridwasappliedtothe
samplewithascoringtooltotrackthepositionof
inclusionintheSEMandtheCSLM．Theselected
titaniumnitrideparticleservedasaprimaryincluＧ
siononwhichprecipitationandgrowthofnewtitaＧ
niumnitridewasobserved．
　(２) Theexposuretohightemperaturewasperformed

intwopartsasshowninFig２．InPartone,thesteel
specimenwasheatedto１６６３K (１３９０°C)andinthis
processparttitaniumnitridedissolvedintothesteel．
Thesamplewasheldforsometimetolettitanium
andnitrogenaroundtheinclusiondiffuseintothesteel．
Afterthat,thetemperaturewasdecreasedtothesoliＧ
dustemperatureofthissteel,１５８３K (１３１０°C),as
calculatedaccordingtoTS＝１８１１－∑Δtixi, where
Δti andxi representrespectivelythetemperature
coefficientandmasspercentageofsoluteiinsteel[１１]

(usingthesamemethodtheliquidusofthissteelwas
１７３３K (１４６０°C))．Acoolingrateof０１５K/swas
employedandthegrowthofnewtitaniumnitrideon
theremainingprimarytitaniumnitrideparticlewas
observedandmeasured．

Fig２．　Temperaturechangeduringexperiment．

　(３)InParttwoofthisexperiment,thesample
wasreheatedandthetitaniumnitrideparticleagain
dissolved．Inthispartthesamplewashelduntilthe
titaniumnitrideparticlewassmallerthanitwasin
Partoneofthisexperiment．Thetemperaturewas
thendecreasedwiththesamerateasthatinPart
onealsoto１５８３ K (１３１０°C) andtheinclusion
growthwasagainobservedandmeasured．Inclusion
sizesweremeasuredfrom CSLMimageswiththe
softwareImageＧProPlus．
　Inthisexperiment,theremainingtitaniumnitride
particlesattheendoftheholdingtimeinPartone
andParttwoprocesseswereconsideredtoactaspriＧ
maryinclusionparticlesinsteel,onwhichnewtitaＧ
niumnitridewouldprecipitateuponcooling．Using
titanium nitride as a primaryinclusion particle
meanstherewaszerodisregistrywiththeprecipitatＧ
ingtitanium nitride．Temperaturevariationswere
usedtocreatedifferentsizedprimaryinclusionparＧ
ticlessothatthegrowthoftitaniumnitrideduring
coolingcouldbestudied．AttheholdingtemperaＧ
tures,homogeneousprecipitationoftitaniumnitridein
thisbearingsteelwasnotpossiblebasedonprevious
studies[１２,１３] ．Inotherwords,alltitaniumandnitroＧ
geninliquidsteelwereconsumedtoformthetitanium
nitrideprecipitatingonprimaryinclusionparticles．
　Moreover,thethreeＧdimensionalmorphologyof
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