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Abstract:Theprecipitatesandhydrogenpermeationbehaviorinthreekindsofhotrolledlowcarbonheavyplate
steelsforenamelingwereanalyzed;then,bothsidesofthesteelswereenameled．Theexperimentalresultsshowthat
alargeamountofcoarseTi４C２S２andfineTi(C,N)particlesexistintheoptimizedTiＧbearingsteel,quitealotoffine
Ti(C,N)particlesexistintheoptimizedcarbonsteel,butonlyalittlebitfineTi(C,N)particlesexistinthecarbon
steel．Thefishscalingresistanceofthesteelscanbecorrelatedtotheeffectivehydrogendiffusioncoefficient,anda
modelofcorrelationbetweentheeffectivehydrogendiffusioncoefficientandthevolumefractionoftheprecipitates
wasestablishedandverified．Theeffectivehydrogendiffusioncoefficientshouldbelowerthan３􀆰９６×１０－６cm２/sto
avoidfishscalinginheavyplatesteels．
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　　FishscaleisoneoftheworstdefectsintheproＧ
ductionofenameledsteelproducts[１]．Itiscausedby
anexcessofhydrogenwhichdissolvesintothesteel
duringtheenamelingprocess,especiallyduringthe
enamelfiringatthetemperatureof８００－８５０℃．Since
itssolubilitysteeply decreasesduringsubsequent
cooling,hydrogen movestowardthesteelＧenamel
interfaceinquantitiesthatcancausefishscalingeven
afteralapseoftime．Whenthesteelisenameled,
whetherthefishscalinghappensornotdependson
thechemicalcompositions,thetrappingsites,suchas
microvoids,dislocationsandprecipitates,andevenＧ
tuallythehydrogenpermeationbehaviorinthesteel．
Thehydrogendiffusivityinsteelhasanobviouseffect
onthefishscalingresistance[２]．ThelowerthehydroＧ
genpermeability,thelowerthefishscalingsusceptiＧ
bility．ItisreportedthatthehydrogendiffusioncoeffiＧ
cientshouldbelowerthan２􀆰０×１０－６cm２/stoavoid
fishscalingwhenthesheetsteelswereenameled[３],
andthetrappingsitessignificantlyinfluencethehyＧ
drogensolubilityanddiffusivity[４,５]．
　　ThetrappingsitescanbeclassifiedintoreversiＧ
bleandirreversibletypesaccordingtothebinding
energy(EbineV)withthehydrogenatoms[６]．NorＧ
mally,dislocationsand grain boundaries,which
havealowerEbofabout０􀆰２５－０􀆰２７eV,arereversＧ

iblesites;inclusions,precipitatesandmicrovoids,on
thecontrary,withahigherEbofabout０􀆰８０－０􀆰９８eV,
areirreversiblesites．InthehotrolledsteelsforenＧ
ameling,theprecipitatesorinclusionsaremainirreＧ
versiblesitesforhydrogen．TheeffectsoftheseparＧ
ticlesonthefishscalingresistancehavebeenstudied
bymanyresearchers[７－１２]．Valentinietal􀆰[１３,１４]esＧ
tablishedamodeltoquantitativelyassessthefishＧ
scalingsusceptibilityusingthefreehydrogenparamＧ
eter．However,mostoftheresearchesonfishscaling
resistancehavebeendoneonhotorcoldrolledsheet
steels,feweronhotrolledheavyplatesteels．NowaＧ
days,thereareincreasinglydemandsforheavyplate
enameling steels,for example,steels used for
chemicalreactionvessels,silos．Thesesteels,which
arenormallyinthicknessofabout１２－２５mm,will
beenameledonesideorbothsides,thenfishscaling
mayoccurandadifferentsusceptibilityfrom the
sheetsteelsisshown．So,thispaperfocusesonthe
fishscalingresistanceofhotrolledlowcarbonheavy
platesteelsforenameling,andtheprecipitates,hyＧ
drogenpermeationbehaviorandenamelingprocess
areallstudied．

１　Experimental
　　Acarbonsteel(namedCB),anoptimizedcarＧ



bonsteel(namedOCB)andanoptimizedTiＧbearing
steel(named OTB)weredesignedinlaboratory,
andthen vacuumＧmelting,ingotcasting,forging
andslabhotrollingprocesswerecarriedout．The
slabswerereheatedat１２００℃,andthenhotrolled
toheavyplateswithathicknessof１６mmatthefinＧ
ishingtemperatureof８８０℃,andthenaircooledto
theroomtemperature．Theyieldstrengthsofthe
threesteelswerebetween２６５to２９０MPa．TheCB
steeldidnotcontainvanadiumandjusthadalittle
bittitanium．Vanadium wasaddedintheOCBsteel
butthecarboncontent wasdecreased．The OTB
steelhadahighercontentoftitanium butalower
carboncontentthanthatoftheOCBsteel．ThevariＧ
ationofsuchelementscontentisto maintainthe
yieldstrengthandtomodifythefishscalingresistＧ
anceofthesteels．Thechemicalcompositionsforthe
threedevelopedsteelsareshowninTable１．

Table１　Chemicalcompositionsofthedevelopedsteels
mass％　

Steel C Mn S Al Ti V N

CB ０􀆰１４４ ０􀆰８５ ０􀆰００４ ０􀆰０４６ ０􀆰０１５ ０􀆰００４８
OCB ０􀆰０９２ ０􀆰８４ ０􀆰００４ ０􀆰０４１ ０􀆰０１６ ０􀆰０４７ ０􀆰００５６
OTB ０􀆰０６９ ０􀆰７０ ０􀆰０１０ ０􀆰０４０ ０􀆰０５０ ０􀆰０５２ ０􀆰００８７

　　Theprecipitatesinthesteelswereextractedon
carbonreplicasandexaminedbyanFEITecnaiG２

high resolution transmission electron microscope
(HRTEM)equippedwithanenergydispersivespecＧ
trometer(EDS)．Selectedareaelectrondiffraction
(SAD)patternscombinedwithEDSanalysiswereused
toidentifytheprecipitates．Thequantitativeanalysisof
theprecipitateswascarriedoutusingtheordinary
quantitative metallographic methods,thatis to
measuretheaveragediameterdandthenumberof
theparticlesperunitareaNsfromtheelectronmiＧ
crograph．Therelativeerroroftheparticlediameter
islessthan８％ under９５％ confidencelevel．The
particlevolumefractionVfandthenumberofpartiＧ
clesperunitvolumeNv canbecalculatedbythe
Fullmanformula
　　　　Vf＝π/６􀅰Ns􀅰d２ (１)
　　　　Nv＝Ns/d (２)
　　Hydrogenpermeationwasmeasuredusingan
electrochemicalmethoddevelopedby Devanathanand
Stachurki[６]．Squaresamplesof１􀆰２mm×５０mm×
５０ mm werecutfrom differentlocationsinthe
thicknessoftheheavyplates,groundto１ mmin
thicknessandthenelectrolyticallypolished．Putthe
samplesinto２０％ HClelectrolyteand madeacaＧ

thodicpolarizationtreatmentfor１０to２０swithcurＧ
rentdensityof２１􀆰５mA/cm２．Afterimmersedand
washedbyanhydrousethanolandtoluene,thesamＧ
ples werethenimmediatelyoneＧsideelectroplated
with０􀆰０５to０􀆰１０μmPdlayer．ThepreparedspeciＧ
men wasinstalledin a CSＧ３３０ electrochemistry
workstation．European standard (NF EN ISO
１７０８１)wasadoptedformeasurement．Thebareface
ofthespecimenisforchargingthehydrogen,and
thePdelectroplatedfaceisdiffusionface．BothcaＧ
thodicandanodicsolutionswere０􀆰１mol/LNaOH,
whichweredeaeratedwithN２toavoidthecathodic
reactiondueto O２．Thechargingcurrentdensity
wasmaintainedat１􀆰８mA/cm２,andthenbeganto
recordtheanodecurrentwithdifferenttimesonthe
diffusionface,untiltheanodecurrentreachesa
steadystate(themaximumvalue)．
　　Theeffectivediffusioncoefficientofhydrogen
Deffcanbecalculatedfromthehydrogenpermeation
curvesbythetimelagmethod[４,６]

　　　　Deff＝L２/６tT (３)
whereL denotesthespecimenthicknessandtT

denotesthelagtime．Thelagtimecanbeobtained
byspottingthetimeatwhichthepermeationrate
is０􀆰６３timesthesteadyＧstatevalue,namelynormalＧ
izedoutputfluxJt/J∞ ＝０􀆰６３[６]．Hydrogentrap
parameterαisalsocalculatedusingthefollowing
equationforassessingthefishscalingresistanceof
steel
　　　　α＝－１＋tT/tL (４)
where
　　　　tL＝L２/６DL

　　　　DL＝D０exp(－Q/RT)
tListhelagtimeofhydrogeninmetallatticewithＧ
outtrappingsites;DListhehydrogendiffusioncoＧ
efficientinmetallatticewithouttrappingsites．D０

andQ are０􀆰７８×１０－３cm２/sand７９５０J/mol,reＧ
spectively[５]．DL＝２􀆰９８４３×１０－５cm２/swhentemＧ
peratureis２９３K．
　　Thebothsidesofthesteelswereenameled,and
theenamelfritconsistsofmorethan６０％ ofSiO２

andtheotheroxides．ThegroundcoatandsixoverＧ
glazesweresprayedandfiredinturn．Thefiring
temperaturesare between ８７０ and ９２０ ℃．The
thicknessoftheenamellayerisabout１ mm．The
enameledheavyplateswereobservedbythenaked
eyesforfishscales．ThesmallcrossＧsectionalsamＧ
plescutfrom the enameled heavy plates were
mounted,groundandpolished,andthenthesamＧ
pleswereexaminedbyaLeicaDMRＧHCopticalmiＧ
croscope(OM)fortracesoffishscaling．
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