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Abstract:Duringhotrollingprocessmetalswillinevitablyoxidizebecauseofhightemperatureandaircondition．In
ordertoguaranteethesurfacequality,acidpicklingisappliedtoremovetheoxidescalewhilewasteacidwilldoharm
totheenvironment．Facedwiththeproblem,bymeansofreductionprocessofhotＧrolledplates,theoxidescalewill
bereducedtoiron,sothatacidpicklingisunnecessary．Onepasscoldrollingprocedurewasapplied．ThecompresＧ
sionratiosofhotＧrolledplateswithoxidescalewere１０％,１８％,２６％and３１％,respectively．Afterthat,samples
mentionedaboveincludingasamplewithoutdeformationwereseparatelyreducedunderhydrogenatmospherecondiＧ
tion(５％ H２＋９５％ Arinvolumepercent)at６００－１０００℃．Thethermalgravimetricapparatus(TGA)wasusedto
establishaccurateexperimentalconditionandobtaincompletemasslossdata．FieldemissionelectronprobemicroaＧ
nalysis(EPMA)wasappliedtoanalyzescalemorphologychangeandcompositiondistributionthroughtheoxide
scale．Itwasfoundthatthesamplewith２６％compressionratiocouldbereducedcompletelyat９００℃ whichwasfaＧ
vorabletogalvanization．
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　　IntheproductionprocessofhotＧrolledsteels,
oxidationisunavoidablebecauseofthehightemperＧ
ature and oxygen containing atmosphere．Oxide
scalesmustberemovedtoensurethesteelsurface
qualityandpicklingprocessisapplied．However,
platesurfaceafterthepicklingprocessisalwaysnot
satisfactorybecauseofsurfacedefectcausedbyreＧ
sidualoxide．Moreover,thepollutionproduceddurＧ
ingpicklingprocessisalsoserious[１]．Reductionof
oxidescaleisprobablyoneofthemoststudiedtechＧ
nologiesforsolvingtheproblem mentionedabove．
BothH２andCOcanbeusedasreducingmedium．
H２is morefavorablebecausethegeneratedgases
consistofH２OandH２,avoidingthereleaseofCO
andCO２ whichwillleadtoairpollution．Mechanism
andreactionkineticsofreductionofFeoxideunder
H２/COconditionhavebeenstudied[２－４]．AndreducＧ
tionprocessofFe２O３isfullydiscussed[５,６]．Pineau
etal．[７,８]havegivenancomprehensivereviewonkiＧ
netics of reduction of magnetite and hematite．
Hayes[９] provedthatduringreduction ofFeoxide
structuresandreactionratescouldbeexplainedthrough
theoccurrenceoffourprincipalmechanisms:continuＧ

ousgasporeformation,densemetallayergrowth,
discontinuousmetallayerbreakdownandcontinuous
coupledgrowthofmetalandpores．Mannetal􀆰[１０]

believedthatironformedintheearlystageswasepiＧ
taxialwiththehostmagnetite;atlaterstagesthe
epitaxialironwasvanishedandfissuresfrequently
formedinthemetal．ReductionofoxidescaleofhotＧ
rolledplatesisseldomdiscussed．BecauseoftheforＧ
mationoftheFelayerduringthereductionprocess,
thereductivereactionwillbehindered．Thepresent
studywilldiscussreductionprocessat９００ ℃ after
coldrollingandthephenomenonisexplainedfrom
thepointofviewofhydrogendiffusion．

１　Experimental
　　Fourplatesinsizeof６００mm×５０mm×２􀆰１mm
weresuppliedbyahotrolling millandchemical
compositionwasshowninTable１．Byonepasscold
rolling,theplateswerecompressedto１０％,１８％,
２６％ and ３１％,respectively．Beforecoldrolling
process,platesurfacewascoveredwithlubricantin
ordertoprotecttheoxidescale．Couponspecimens
insizeof１５mm×１０mm×２􀆰１mmweremachinedout



Table１　Chemicalcompositionofthespecimens
(masspercent,％)　 　

C Si Mn P S Nb

０􀆰０６ ０􀆰１９ １􀆰０８ ０􀆰０１ ０􀆰００８ ０􀆰０１５

oftheseplatesandaholeof２mmdiameterwasdrilled
nearoneendofeachspecimenforsuspendinginthefurＧ
nacechamberofthermalgravimetricapparatus(TGA)．
Finallyspecimenswerewashedwithacetone．
　　Isothermalreductionexperimentswerecarried
outinTGA．Themasschangeduringtheperiodof
reduction was monitoredcontinuously．Specimens
weresuspendedinfurnacechamberofTGA．After
evacuation,itwasfilledwithargonuntilthepresＧ
sureoffurnacechamberreturnedto１０５Pa．Ineach
test,asamplewasheatedinanargonatmosphereat
arateof２５ ℃/minuntilitreachedexperimental
temperature．AsthetemperaturereachedthepreＧset
value,dry５％ H２＋９５％ Ar(volumepercent)with
aflowrateof５０ mL/minwasintroducedintothe
TGAchambertoconductthe３０minreductionexＧ
periment．Thenthe TGA chamber wascooledto
roomtemperatureatarateof２５℃/min．
　　ThemetallographicpreparationincludingmountＧ
ing,grinding,andpolishing,wasperformedintheusuＧ
alsequence[１１]．Electronprobemicroanalysis(EPMA)
wasappliedtoobservescalemorphologyandanalyze
compositiondistributionthroughthescale．

２　ResultsandDiscussion
　　AsshowninFig􀆰１(a),thespecimenwithoxＧ
idescalewasreducedat１０００ ℃ under５％ H２ ＋
９５％ Ar(volumepercent)conditionfor３０min．The
oxidescalewasrelativelyintactcomparedwithother
rolledspecimens．Althoughthetemperature was
veryhigh,therewasnoobvioussteadystageofthe
masslosscurve,anditmeansthatafter３０minreＧ
ductivereactiontheoxidescalehasnotbeentotally
reducedtoironlayer．Soitwasnotpossiblethatthe
oxidescalecouldbereducedcompletelywithouta
numberofcracksinthescale,evenifthereduction
temperature washigh．Asshownin Fig􀆰１ (b),
specimenscompressed２６％ werereducedunder５％
H２＋９５％ Ar(volumepercent)conditionat６００－
９００℃for３０min．Therewasnosteadystagecould
befoundintheotherthreecurvesexceptat９００℃．
Residualoxidesstillexistedintheoxidescaleafter
the３０ minreductiveprocessat６００－８００ ℃．It
couldbeconcludedthatbothhightemperatureand
crackswerenecessaryforthecompleteremovalof
oxidescalewithhydrogen．IfthereductiontemperaＧ
turewaslowerthan９００ ℃,maybegreatercomＧ
pressionratiowasneededtoprovideenoughcracks
forcompletereductivereaction．ButifthecompresＧ
sionratiowasabove３１％asshowninFig􀆰２,parts
ofoxidescalefelloffandtheintegrityoftheoxide
scalewasdamaged．

(a)Specimenwithoutcoldrollingreducedat１０００℃;　 (b)Specimenwithcompressionratioof２６％reducedat６００－９００℃．
Fig􀆰１　Masslosscurvesofspecimensunder５％ H２/Arcondition

　　AsshowninFig􀆰３,thecompressionratiosof
thespecimenswithoxidescalewere１０％,１８％and
２６％,respectively．AsdemonstratedinFig􀆰３ (a),
theoxidescalewasintactandslightcrackcouldbe
observedinthescale．ItwasmainlycomposedofeuＧ
tectoidstructure(Fe＋Fe３O４),andthethicknessof
thescalewasabout８μm．Bymeansofcoldrolling,

asshowninFigs􀆰３(b)to３(d),withthecompresＧ
sionratioincreasing,morecrackscouldbefoundin
thescale．AtroomtemperatureoxidescalewasharＧ
dercompared withthesubstrate．Duringthecold
rollingprocess,becausethestressproducedinthe
oxidescalebydeformationcouldnotbereleased
throughplasticdeformation,crackswereobservedand
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