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Abstract:SolidＧphasedecarburizationofhighＧcarbonferromanganesepowders(HCFPs)wasconductedusingcalcium
carbonatepowders(CCPs)asadecarburizerbymicrowaveheating．SolidＧphasedecarburizationkineticswasinvestiＧ
gatedbyisothermalmethod．TheresultsshowthattheHCFPsshowexcellentmicrowaveabsorptionatahigheravＧ
erageheatingrateof８０℃/min,whileCCPsexhibitpoormicrowaveabsorptionatalowerheatingrateof５－２０℃/min;
theheatingcharacteristicsareinＧbetweenwhenHCFPsandCCPsaremixed．TheaverageheatingratesofthemixＧ
tureare３２１４,３１２５,３１４３,and３０７７℃/minwhenthemixtureisheatedupto９００,１０００,１１００,and１２００℃,
respectively．ThegoodmicrowaveabsorptionpropertyofthemixedmateriallaysthefoundationforthesolidＧphase
decarburizationofHCFPscontainingCCPs．SolidＧphasedecarburizationofHCFPscontainingCCPsisafirstＧorder
reactionbymicrowaveheating．ApparentactivationenergyofsolidＧphasedecarburizationis５５０７kJ/mol,whichis
farlessthanthatofordinarycarbongasificationreactionandthatofsolidＧphasedecarburizationunderthesamedeＧ
carburizationconditionbyconventionalheating．Itindicatesthatmicrowaveheatingnotonlyproducesthermaleffect,
butalsohasnonＧthermaleffect．
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　　Withtherapiddevelopmentofthelowcarbon
alloysteelsuchasCrＧMnstainlesssteel[１Ｇ３],thedeＧ
carburizationofferromanganesehasattractedspecial
attentionsinthemetallurgicalfield[４,５]．Becauseof
therelativelyhighvaporpressureofmanganeseand
greatbindingenergybetween manganeseandoxyＧ
gen,thedecarburizationofferromanganeseinliquid
phaseishardtooccur[６]．
　　ComparedwithliquidＧphasedecarburization,solidＧ
phasedecarburizationcanreduceevaporationintenＧ
sityofmanganeseandimprovetherecoveryofmanＧ
ganese,sointherecentyears,ithasbecomeahot
researchtopic．However,solidＧphasedecarburizaＧ
tionreliesondiffusioncontactamongcarbonatoms
atthereactioninterface,withnucleationandphase
formation during the process．Therefore,solidＧ
phasedecarburizationrequiresalongerreactiontime
andhigherreactionenergythanliquidＧphasedecarＧ
burizationdoes[７]．Thus,itisasignificantconcern．

　　Americanscholars[８]investigatedthedecarburiＧ
zationofferromanganesebySiO２invacuum,but
thesamplewaseasytobecontaminatedbyunreＧ
ducedSiO２,andgasproductsgeneratedweredetriＧ
mentaltovacuum．Yanetal[９]studiedthesolidＧ
phasedecarburization ofhighＧcarbonferromangaＧ
nese (HCF)with manganese oxidein vacuum．
However,unroasted highＧcarbon ferromanganese
powders(HCFPs)weremixedwithmanganeseoxＧ
idesgeneratedbyoxidizingroastingofHCFPs,and
thentheyweredecarburizedinvacuum．Theprocess
flowwasmorecomplex．BhondeandAngal[８]used
CO２asthedecarburizerinhisdecarburizationreＧ
searchonHCF,butitneedsalongdecarburization
timeatadecarburizationratioof５０７３％．
　　MicrowaveheatingtechnologyoffersthecharＧ
acteristicsofrapidbodyheatingasanewgreenmetＧ
allurgy method andissuitablefor metallurgical
powdermaterials[１０]．Materialscanbequicklyheated



bymicrowaveinanonＧcontactclosedsystem,withＧ
outextraneouscontamination．Microwaveheating
canenhanceiondiffusioninsolidＧphasereaction[１１]

andincreasethesolidＧphasereactionrate[１２]．HighＧ
carbonferromanganeseiseasily madeintopowder
andexhibitsbettermicrowaveheatingcharacterisＧ
tics．CarbondiffusionistherateＧlimitingstepinthe
solidＧphasedecarburizationofHCFPs．Thus,inmiＧ
crowaveheatingfield,carbon diffusion ofsolidＧ
phasedecarburizationof HCFPscanbeenhanced
and solidＧphase decarburization rate can beimＧ
proved．Guoetal[１３]conductedacomparisonofdeＧ
carburizationofHCFPsbyconventionalandmicroＧ
waveheating．Theresultsshowedthatmicrowave
heatinghadbetterdecarburizationeffectsthanconＧ
ventionalheating．However,solidＧphasedecarburiＧ
zationkineticsofHCFPswasseldomreported．
　　Inthisstudy,takingcalciumcarbonatepowders
(CCPs)asadecarburizer,thesolidＧphasedecarburiＧ
zationofHCFPswasconductedtoinvestigatethe
kineticsofsolidＧphasedecarburization．

１　ExperimentalMethod
　　LumpyhighＧcarbonferromanganesewashard
andbrittle．Itwasfirstlymadeintocoarsepowder
withsizelessthan０３ mm usingaballmill,and
thenpulverizedintofinepowderwithparticlessizes
lessthan００７４mmusingagrinder．Thechemical
compositionofHCFPsisshowninTable１．ThedeＧ
carburizerusedwasindustrialCCPswithparticlesiＧ
zeslessthan４５μm andchemicalcompositionis
showninTable２．

Table１　ChemicalcompositionofHCFPs　　mass％

C Si S P Fe Mn

６６１ １９８ ００５８ ００９２ １６３２ ６８４６

Table２　MainchemicalcompositionanalysisofCCPs
mass％　　

CaCO３ MgCO３ SiO２ Al２O３ Fe２O３ Others Total

９６０４ ２１４ １０５ ０２０ ０２３ ０３４ １００

　　TheratioofcarboncontentofHCFPsandCO２

contentofCCPsiscalledasdecarburization molar
ratio．Accordingtothedecarburizationmolarratioof
１∶１,６４１５g HCFPsand３５８５g CCPs were
weighed,mixedwellandputintocruciblemadeof
lightbrick．Then,thecrucible wasplacedintoa
selfＧdesigned microwavefurnace．A２４５GHzmiＧ

crowavegeneratedbyamagnetronwasintroduced
intoacavity．AKＧtypethermocouple(NiＧCrandNiＧ
Si)shieldedwithastainlesspipewasusedtomeasＧ
urethetemperatureatthecenterofthepowder．The
mixtureofHCFPsandCCPswasheatedupto９００,
１０００,１１００and１２００ ℃,anddecarburizedata
holdingtimeof０,２０,４０,and６０minrespectively
inthemicrowaveheatingfield．
　　Asacomparisonexperiment,HCFPscontaiＧ
ningCCPsofthesameratiosweredecarburizedunＧ
derthesamedecarburizationconditioninaconvenＧ
tionalmufflefurnace．
　　ThecarboncontentsofthedecarburizedsamＧ
pleswere measuredbyan NXQＧ２DcarbonＧsulfur
analyzer．

２　ResultsandDiscussion
２１　CharacteristicsoftemperatureriseofHCFPs
andCCPs
　　Fig１showsthecharacteristicsofthetemperaＧ
tureriseofHCFPsandCCPsbymicrowaveheating．
ItcanbeseenthattheHCFPsexhibitbettermicroＧ
waveabsorptionatarapidheatingrateinthemicroＧ
wavefield．Temperaturerisesto８００ ℃ within１０
minatanaverageheatingrateof８０℃/min．Then,
theheatingratedeclinesslightlyandtheheating
curvetendstoflatten．Bycontrast,CCPshavepoor
microwaveabsorption,andtheheatingrateofCCPs
isrelativelyslow．TheheatingrateofCCPsisrelaＧ
tivelyfastintheformer２０minatanaverageheating
rateof２０ ℃/min,andthentheheatingrateslows
downatanaverageheatingrateof５ ℃/min．The
metalliccarbidesarethegoodmicrowaveabsorption
materials．AndthemainphasesofHCFPsarethe
manganeseＧironcarbide phases．Thus,underthe
sameexperimentalcondition,HCFPsperformbetＧ
terinabsorbingmicrowavesthanCCPsdo．
　　ThermogravimetricＧdifferentialthermalanalysis
wasconductedforCCPs．TheresultisshowninFig２．

Fig１　CharacteristicsoftemperatureriseofHCFPsand
CCPsbymicrowaveheating
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