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EffectsofDifferentSubstratesonMicrostructuresandMechanical
PropertiesofaBulkNanocrystallineStructurePureIronPreparedby

AluminothermicReactionCasting
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Abstract:AsimplemethodwasdevelopedtoproducethenanocrystallinepureironbyaluminothermicreactioncastＧ
ing．Themicrostructureoftheironwasinvestigatedbyopticalmicroscope(OM),transmissionelectronmicroscope
(TEM),electronprobe microＧanalyzer (EPMA),scanningelectron microscope (SEM)and XＧraydiffraction
(XRD)．Themechanicalperformancesofnanocrystallinepureironweretested．Itisfoundthatthepureironconsists
ofnanocrystallineferrite．Fordifferentsubstratesofcopperandglass,theaveragegrainsizeoftheferritewas３８and
３５nm,respectively,whichislargeroncoppersubstratethanthatonglass．Thehardness,compressivestrength,
tensilestrength,andtotalelongationare１６７and１３７HB,４００and５００MPa,２４３and１８５MPa,１６％and１０％on
coppersubstrateandglasssubstrate,respectively．Thehardness,tensilestrengthandtotalelongationarealllarger
oncoppersubstratethanthoseonglasssubstrate,whilethecompressivestrengthislower．Thelargesupercoolingin
theproductsolidificationprovidestheconditionforhighnucleationrateandthusleadstonanoＧgrainedausteniteand
finalnanoＧgrainedferritetransformedfromthosesmallaustenitegrains．
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　　ThetermnanomaterialsreferstothosemateriＧ
alswithgrainsizebetween１and１００nm,atleastin
onedimension[１]．Nanostructuredmetalsandsteels
canexhibitimproved mechanicalproperties,which
isanexcitingresearchthemeoverthelastdecades,
butthemetallicmaterialsinnanometricscaleshow
verylowtensileductilityinmanystudies[２Ｇ７]．Thisis
attributedtotheexistenceofafewdislocationsin
thenanocrystallinegrainsandalargenumberofdisＧ
orderedatomsatgrainboundaries[８Ｇ１３]．SuchmicroＧ
structuresalsoshowlimitedroomtemperatureducＧ
tility,whichcanbeattributedtothelackofstrainＧ
hardening during plastic deformation[１４]．Fatigue
damageoccurredbygrainboundarycrackinginulＧ
trafineＧgrainedstructures,wherenoslipbandswere
formed．InthecoarseＧgrained steel,intenseslip
bandsareformed,andcrackinitiatedandpropagaＧ
tedalongthemandgrainboundaries．Fatigueresistance
canbeimprovedbythegrainsizerefinement[１５]．

　　Inrecentyears,researchershavetriedtopromote
thedevelopmentofironandsteelmaterialsusing
nanotechnology．Inmoderntimes,ironanditsalloy
playaveryimportantroleinengineering．Therehas
beenanongoingeffortinordertoobtainnanocrysＧ
tallinestructuresinmostbulkmaterialsutilizingthe
followingapproaches:(１)fromlargetosmall,the
typicalmethodissevereplasticdeformation(SPD)
processes,includinghighpressuretorsion(HPT),
equalchannelangularpressing (ECAP),advanced
thermoＧmechanicalprocessing,etc􀆰;(２)fromsmall
tolarge,thetypicalmethodsincludealloyingstrateＧ
giesandthesparkplasmasintering (SPS),etc．
Chenetal􀆰[１６]reportedthatanUNSS３２３０４duplex
stainlesssteelwasobtainedbyECPA andsubseＧ
quentannealingat９７３K,anditsuniformelongation
increasesto７％ withtheyieldstrengthof１１００MPa．
Shakhovaetal􀆰[１７]investigatedanS３０４HsteeldurＧ
ingbarrollingtoastrainof４andsubsequentanneaＧ



ling,andthismaterialexhibitedayieldstrengthabove
２０００MPa[１７]．InastudyperformedbyDescarteset
al􀆰[１８],forthepureironsamplesprocessedbyhigh
pressuretorsion,theyieldstresslevelwasincreased
frominitiallyapproximately２００to６００ MPa,and
thegrainsizeswererefinedfrominitially１００μmto
finallyapproximately２２０nm．
　　AlthoughSPDprocessingcanbeusedtosucＧ
cessfullyrefinethecoarsegrainsofpuremetalsand
alloystoagrainsizeofafewtenstohundredsofnanoＧ
meters,mostofthedesiredductilitycannotbereached
andforsomemethods,theexperimentalequipmentis
complexowingtotherequirementinlargestrain[１９Ｇ２１]．
Hence,traditionaltechniquesarelaboriousandreＧ
dundant,andtheequipmentiscomplex．AdditionalＧ
ly,themethodofsmalltolargecanleadtoimpuriＧ
tieseasily．Forthis,anovelconceptionnamedaluＧ
minothermicreaction wasproposedinthisstudy,
whichcanpreparebulknanocrystalline metaland
steel．AnadvantageofthepresentapproachissimＧ
ple,lowcostandenergyconsumption,anditisexＧ
pectedtorealizeindustrialapplication[２２Ｇ２５]．Inthis
study,pureiron waspreparedbyaluminothermic
reactionmethodandtheeffectofdifferentsubstrates
onmechanicalpropertiesandmicrostructurewasinＧ
vestigated．

１　ExperimentalProcedure

１􀆰１　Materialspreparation
　 　 Theexperimental materialsemployed were
Fe２O３ (９９％ purity),Al (９９％ purity)and Fe
(９９􀆰５％purity)．４０􀆰３gFepowder,４５􀆰３gAlpowＧ
der,and１３４􀆰４gFe２O３ powderwereweighedacＧ
cordingtothestoichiometryofthealuminothermic
reaction(１)．Thereactionpowdersweredrymixed
ataspeedof１５０r/minfor８husingaplanetaryball
millwithAl２O３spheres．Then,themixedpowders
werepressedunderauniaxialpressureof４０MPain
acoppertube．Thethicknessofcopperandglass
substrateis１３and１０ mm,respectively．Finally,
theproducedpureiron wasaddedinthereactant
powders,respectively．Thereactorwaspurgedwith
argongasatroomtemperatureandheatedto２００℃．
Then,５MPaargongaswasintroducedinthereacＧ
toranditwasheatedagainto２６０ ℃．Thelamellar
igniterwasignitedat２６０℃andreleasedexothermic
heatresultedinoccurrenceofthefollowingaluminoＧ
thermicreaction．Thedetailedprocesswasreported
inliterature[２２Ｇ２４]．
　　２Al＋Fe２O３＝２Fe＋Al２O３ (１)

１􀆰２　Mechanicalpropertiestest
　　Thespecimensformechanicaltestswerecutby
electricdischargemachining(EDM)．Thehardness
wastestedonanHBRVUＧ１８７􀆰５testerunder２９４N．
ThesamplesfortensiletestinghadarectangularcrossＧ
sectionof４mm×２mmandagaugelengthof１６mm,
andspecimenswerecylindricalofϕ５mm×５mmfor
compression．AlltensileandcompressivetestswerecarＧ
riedoutusingaShimadzuAT１０ttestmachineata
crossheadspeedof０􀆰２mm/satroomtemperaturein
air．Tensiletesting wasconductedatleastthree
timesforeachspecimenfromdifferentsubstrates．

１􀆰３　Microstructurecharacterization
　　ThephaseconstitutionsofpureironwereidenＧ
tifiedbyXＧraydiffraction (XRD)analysiswithCu
radiation．ThemicrostructureswereinvestigatedunＧ
deranOlympusMef３opticalmicroscope(OM),an
EPMAＧ１６００ electron probe microscope,a JEMＧ
６７００Ffieldemissionscanningelectron microscope
(SEM),andaJEOL２０１０transmissionelectronmiＧ
croscope(TEM)．ThechemicaletchantusedforOM
andSEM observation wasasolutionof４％ nitric
acidalcohol．Thinfoilsofabout０􀆰８mminthickness
forTEM observationwerefirstcutbyEDM,and
thengroundtothethicknessofapproximately２００μm．
Then,thediskof３ mmindiameterwasdimpled
andfinallypolishedbytwinＧjetpolishingwithasoＧ
lutionof９８％ ethylalcoholand２％ perchloricacid
(HClO４)involume．

２　Results
２􀆰１　Mechanicalproperty
　　Thehardnessofthecurrentsamplesobtained
ondifferentsubstratesincomparisonwithconvenＧ
tionalpureironisdisplayedindetailsinFig􀆰１．Itis

Fig􀆰１　Hardnessofpureironproducedby
aluminothermicreactioncasting
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