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Abstract:OneＧstepcrystallizationisoneofthe mostenergyconserving methodsforglassＧceramicspreparation．
However,onlyafewkineticsstudiesfocusedontheglassＧceramicspreparedbytheoneＧstepcrystallization．TheoneＧ
stepcrystallizationkineticparameterswerestudiedusingdifferentialscanningcalorimetry．Theactivationenergy(Ea)
andtheAvramiparameter(n)werecalculatedas１５２􀆰７９kJ􀅰mol－１and４􀆰３９,respectively．TheseparametersindiＧ
catethatcontinuousnucleationandthreeＧdimensionalcrystalgrowtharethedominatingmechanismsintheoneＧstep
crystallizationprocessoftheparentglass．ThepropertiesoftheobtainedglassＧceramicscanbecomparedtotheglassＧ
ceramicspreparedbythetwoＧstageheattreatmentandsinteringmethod．Thiscrystallizationkineticsresearchcanbe
usedtoevaluatetheoneＧstepcrystallizationpotentialofaparentglass．
Keywords:glassＧceramics;oneＧstepcrystallization;crystallizationkinetics;continuousnucleation

　　GlassＧceramicsarefineＧgrainedpolycrystalline
materialsproducedbyvitrificationandsubsequent
heattreatmentprocessing[１]．TraditionalheattreatＧ
mentmethodsforglassＧceramicsproductionaresinＧ
teringandtwoＧstageheattreatment,whichareenＧ
ergyintensiveandexpensive[２,３]．Therefore,itis
necessarytodevelopamoreeconomicalheattreatＧ
mentrouteforglassＧceramicsproduction[４,５]．The
bestcandidatemaybetheoneＧstepheattreatment
process,sinceboth nucleationandcrystallization
takeplaceinthesameheatingprocessduringthe
oneＧstepheattreatment[６]．Thus,theadvantagesof
theoneＧstepheattreatmentareshorterprocessflow
andlowerproductioncost,inlinewiththerequireＧ
mentsforenergyＧsavingsandemissionsreduction．
　　TheblastfurnaceslagglassＧceramicswassucＧ
cessfullypreparedforthefirsttimeusingtheoneＧ
stepheattreatmentwithpropernucleationagent[７]．
Theobtained glassＧceramicssystem isknownas

“sliceram”．The “sliceram”hasattractedattention
fromalotofresearchers．However,asfarasknown,
therewerefew crystallizationkineticsstudiesfoＧ
cusedontheoneＧstepcrystallizationofglassＧceramＧ
ics．AndthecrystallizationkineticscharacteristicpaＧ
rametersoftheparentglasswereunclear．Thus,no
dynamicindexes,suchascrystallizationactivation
energyandAvramiparameter,canbeusedtoevaluＧ
atetheoneＧstepcrystallizationpotentialofaparent
glasssofar．Therefore,itissignificanttoresearch
thecrystallizationkineticsissuesoftheglassＧceramＧ
icspreparedbyoneＧstepcrystallization．
　　ThisresearchfocusedontheoneＧstepcrystalliＧ
zation kinetics ofthe glassＧceramics preparation．
Thekineticparametersandcrystallization mechaＧ
nismoftheglass,whichcanbepreparedbytheoneＧ
stepcrystallization,werestudied．ThecrystallizaＧ
tionactivationenergy,theAvramiparameterand
themicrostructurewereevaluated．



１　ExperimentalProcedure
　 　 Thestainlesssteelslag wasobtainedfrom
QingshanJinhuiStainlessSteelIndustryCo􀆰,Ltd􀆰
in Henan,China．Baosteel Group Co􀆰,Ltd􀆰 in
Shanghai,Chinaprovidedthepicklingsludge．And
theculletwasobtainedbygrindingdownthewaste
glassfromcommonsodaＧglass．AccordingtotheburdeＧ
ningoptimizationexperiment,thedriedfinepowders
of３７􀆰８mass％stainlesssteelslag,１４􀆰０mass％pickＧ

lingsludgeand４８􀆰２ mass％ culletweremixedtoＧ
getherbyballＧmillingfor１h．Themixedpowderwas
meltedinamufflefurnaceat１４６０℃for１h．Then,
themeltwascastintoapreheatedsteelplateandanＧ
nealedat６００ ℃for３０mintoreleasethethermal
stresses,followedbyslowcoolingtoroomtemperaＧ
turetoobtaintheparentglass．Table１showsthe
chemicalcompositionsofrawmaterialsandtheparＧ
entglass．TheoneＧstepcrystallizationrouteofthe
glassＧceramicsisshowninFig􀆰１．

　　　　Table１　Chemicalcompositionsofrawmaterialsandparentglass　 　 　mass％

Sample CaO MgO SiO２ Al２O３ Fe２O３ Na２O CaF２ SO３ Others

SSS ３６􀆰９７ ２６􀆰１１ ２１􀆰４６ ６􀆰４６ ２􀆰５１ ０􀆰０８ ２􀆰１２ １􀆰２２ ３􀆰０７
Cullet ９􀆰０４ ４􀆰０８ ６８􀆰３０ ２􀆰４９ ０􀆰５９ １４􀆰３７ － ０􀆰３７ ０􀆰７６
PS ０ １􀆰１７ ９􀆰３０ ２􀆰７２ ２５􀆰５２ １􀆰７４ ４５􀆰７１ ４􀆰３８ ９􀆰４６

Presentglass １８􀆰３３ １２􀆰００ ４２􀆰３４ ４􀆰０２ ４􀆰８０ ７􀆰２０ ７􀆰２０ １􀆰２５ ２􀆰８６

　 　　　　　　　　Note:１)SSSrepresentsstainlesssteelslag;２)PSrepresentspicklingsludge;３)Othersrepresent
TiO２,Cr２O３,NiO,MnO,andCuO,andsoon．

ThefollowingoneＧstepcrystallizationtemperatureswereused:
T＝６８０℃,７０５℃,７３０℃,７８０℃,８３０℃,８８０℃and９３０℃．

Fig􀆰１　OneＧstepcrystallizationpreparationmethodsof
glassＧceramics

　　Differentialscanningcalorimetry(DSC)measureＧ
mentswerecarriedoutforthepowderedglassspeciＧ
menswithNETZSCHSTA４０９C/CDanalyzerata
heatingrateof１０℃􀅰min－１,２０℃􀅰min－１,３０℃􀅰
min－１and４０℃􀅰min－１fromroomtemperatureto
１０００℃,toevaluatetheglasscrystallizationactivaＧ
tionenergy(Ea)andtheAvramiparameter(n)．
　　ThecrystallinephasesoftheglassＧceramicssamples
wereidentifiedusingXＧraydiffraction(XRD)withcopＧ
pertargetoperatedat４０kVand１５０mA,inthe２θ
(θisdiffractionangle)rangeof１０°to９０°andthe
scanrateof１０(°)/min．Scanningelectronmicroscopy
(SEM,CarlZeissEVO１８)analysiswascarriedout
ontheetchedfracturesurfaceoftheglassＧceramics．
　　VickershardnesswasmeasuredusingaVickers

hardnesstestingmachine(MHＧ６Instrument,ShangＧ
hai,China),withloadof２Nandloadingtimeof１０s．
MicrocomputerＧcontrolled precision ceramictesting
machine,CDWＧ５(China),wasemployedtotestthe
bendingstrengthusingthe３Ｇpointbendinggeometry．
Thebulkdensityofthesampleswastestedbythe
Archimedesmethod．

２　ResultsandDiscussion
　　Fig􀆰２showstheDSCcurvesoftheparentglass
atdifferentheatingrates(α)from１０to４０℃􀅰min－１．
Itcanbeseenthatthereisonlyoneexothermicpeak
presentintheDSCcurves．TheglasstransitiontemＧ
perature (Tg ),peak crystallization temperature
(Tp),glassworkingrange(ΔT＝Tp－Tg)andfull
widthathalf maximum oftheexothermic peak
(ΔTFWHM)oftheparentglassarelistedinTable２．
TgandTpwereobtainedas６３０􀆰８－６３６􀆰５℃and

Fig􀆰２　DSCcurvesoftheglassatdifferentheatingrates
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Table２　Parentglasscrystallizationpeaktemperaturesat
differentheatingrates

α/
(℃􀅰min－１)

Tg/
℃

Tp/
℃

ΔT/
℃

ΔTFWHM/
℃

１０ ６３０􀆰８±１ ７９８􀆰７±１ １６７􀆰９±１ ２７􀆰４±１
２０ ６３３􀆰６±１ ８２１􀆰０±１ １８７􀆰４±１ ３６􀆰９±１
３０ ６３４􀆰９±１ ８３４􀆰８±１ １９９􀆰９±１ ４１􀆰７±１
４０ ６３６􀆰５±１ ８４４􀆰９±１ ２０８􀆰４±１ ４９􀆰２±１

７９８􀆰７－８４４􀆰９℃,respectively．AsseeninTable２,
increasingtheheatingrateresultsinhigherTgand
Tp．ΔT wasfoundtobe１６７􀆰９－２０８􀆰４ ℃．With
higherheatingrate,ΔTFWHMincreasedfrom２７􀆰４℃
to４９􀆰２℃．AllvaluesofTg,Tp,ΔT andΔTFWHM

dependontheheatingrate．
　　Regardingthekineticparameters,Eaandnare
thekeyparameterstojudgethecrystallizationcapaＧ
bilityoftheglass[８]．Thus,thecrystallizationkinetic
parametersoftheparentglasswerestudiedbyDSC
withfourdifferentheatingratesvaryingfrom１０℃􀅰
min－１to４０℃􀅰min－１．TheEaofthecrystallization
wascalculatedusingtheKissingerequation[９]:
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where,Risthegasconstant,８􀆰３１４J􀅰mol－１􀅰K－１;
andCisaconstant．Fig􀆰３showstheplotofln(α/T２

p)
versus１０００/Tpfortheparentglass．TheEacalcuＧ
latedfromtheslopeoftheplotis１５２􀆰７９kJ/mol．

Fig􀆰３　Plotofln(α/T２
p)versus１０００/Tpfortheparentglass

　　InordertodeterminethecrystallizationmechaＧ
nism,theAvramiparameterwascalculatedusingthe
AugisＧBennettequation[９,１０]:

　　　　n＝
２􀆰５

ΔTFWHM
×
RT２

p

Ea
(２)

　　Thenvalueoftheparentglasswasdetermined
as４􀆰３９．Thecrystallizationkineticparametersofthe
parentglassandotherrelativeglassesarelistedin
Table３．

Table３　Crystallizationkineticparametersofthepresent
glassandcomparisonwiththeliteratureＧreported

CaOＧMgOＧSiO２ＧAl２O３glasssystem

Sample
Present
glass

AR[１１] M３[１２] W[１３] FT[１０]

Ea/(kJ􀅰mol－１) １５２􀆰７９ ２５３􀆰６ ２５５􀆰７５ ２０１􀆰２８ ３３８􀆰９
n ４􀆰３９ ３􀆰２３ ３􀆰５７ － ２

　　Note:AR,M３,WandFTarethesamplenames．

　　Generally,theEavalueisrelatedtotheenergy
barrierwhentheglass matrixtransformsintothe
crystallizedphase．Thephasetransitionwillbeeasier
fortheglasstocrystallizeiftheEaislower[８,１０]．As
showninTable３,thecalculatedEavalueoftheparＧ
entglassislowerthanthoseoftheotherglasses,
whichmeansthattheobtainedglasswillcrystallize
moreeasilycomparedwithothersamples．Besides,
theAvramiparameterisrelatedtothecrystallization
manner:n＝１indicatessurfacecrystallization;n＝２
indicatestwoＧdimensionalgrowth;n＝３impliesbulk
crystallization[１０,１１]．Malek[１２]summarizedthemeanＧ
ingsofnatthenucleationstage:３＜n＜４implied
decreasingthenucleationrate(sitesaturation);n＝４
indicatedconstantnucleationrate;n＞４impliedinＧ
creasingnucleationrate．InTable３,thenvalueof
theparentglassisgreaterthan４．AlthoughhighnvalＧ
uehasbeenreported[１３],itwasunexpectedinthis
study．ThishighnvaluewascausedbyboththenuＧ
cleationfrequency and the crystal growth rate,
whichhasthepowerＧlawtimedependence[１４,１５]．Ea

andn werecalculatedas１５２􀆰７９kJ/moland４􀆰３９,
respectively．ThisindicatesthatcontinuousnucleaＧ
tionandthreeＧdimensionalcrystalgrowtharethe
dominatingmechanismsinthecrystallizationprocess
oftheparentglass．BasedonthesekineticparameＧ
ters,itisreasonabletoinferthatthecrystallization
rateincreaseswiththecrystallizedfraction．
　　Theformaltheoryoftransformationkinetics
wasemployedtoconfirmthis．ThecrystallizedvolＧ
umefraction(χ)isexpressedintermsofthecrystal
growth(μ)asafunctionoftime(t)asfollows[１６]:

　　　　χ＝１－exp{[－g∫
t

０
μ(t)dt]m} (３)

where,gisageometricfactor;andmisanexpoＧ
nentrelatedtothedimensionality ofthecrystal
growth．Thekineticsexponentisn＝m,assuming
an Arrheniustemperature dependenceofμ．The
crystallizedfractionwasdeterminedfromtheDSC
curvesusingEq􀆰(４)[１７,１８]:

　　　　χ(T)＝
AΔT

Atotal
(４)
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where,χ(T)isthecrystallizedfractionatthetemＧ
peratureT;AΔTistheareaatthetemperatureinterＧ
valΔT;andAtotalisthetotalareaofthecrystallizaＧ
tionpeak．Fig􀆰４showsχ(T)versustemperaturefor
thecrystallizationpeakoftheparentglassatfour
differentheatingratesvaryingfrom１０to４０ ℃􀅰
min－１．TheSＧtypeχＧTcurvesindicatethatthecrysＧ
tallizationprocesswasslowatthebeginningstage．
Then,theχrapidlyincreasedintherangeof０􀆰１＜χ＜
０􀆰８．Theseresultsconfirmthatthecrystallization
rateincreaseswiththecrystallizationfractionatthe
beginningandthemiddlestages．Besides,thesereＧ
sultsalsoverifythatthecontinuousnucleationisthe
dominatingmechanismoftheoneＧstepcrystallization
processoftheparentglass．
　　Generally,thethreeＧdimensionalcrystalgrowthconＧ
tributestogranularcrystals．Thus,toobtainthephase
compositionandmicrostructureinformationoftheoneＧ
stepcrystallization,theparentglasswasoneＧstepheat

Fig􀆰４　Crystallizedfractionasafunctionoftemperatureat
differentheatingrates

treatedat６８０－９３０℃for１h．TheXRDresults(Fig􀆰５
(a))indicatethattheparentglasswasanamorphous
material．Fig􀆰５(a)demonstratesthatabove７３０℃,
numerouscrystallinephaseswereformedintheiniＧ
tialamorphousglassduringtheoneＧstepheattreatＧ
mentprocess:augite(Ca(Mg,Fe,Al)(Si,Al)２O６,PDF
＃２４Ｇ０２０２)andcuspidine (Ca４Si２O７F２,PDF＃４１Ｇ
１４７１)．Theseresultsindicatethatthecrystallization
processfinishedduringtheoneＧstepheattreatment．BeＧ
sides,thestrongestdiffractionpeakpositionofthe
augiteshiftedtolower２θ,asseeninFig􀆰５(b)．
BasedontheBragg′sequation(２dsinθ＝n１λ,where
disinterplanarspacing,n１isdiffractionseries,and
λisthewavelengthoftheincidentXＧray),thedisＧ
tancebetweenthecrystallinefacesofaugiteinＧ
creasedwiththeheattreatmenttemperature．
　　TheheattreatedglassＧceramicssampleswere
analyzedbySEM．InFig􀆰６(a),therearenocrystalparＧ

Fig􀆰５　XRDofthesamplesafterheattreatmentatdifferent
temperaturesfor１h(a)anddetailedXRDpatterns(b)

(a)６００℃;　 (b)６８０℃;　 (c)７０５℃;　 (d)７３０℃;　 (e)７８０℃;　 (f)８３０℃;　 (g)８８０℃;　 (h)９３０℃．
Fig􀆰６　SEMimagesoftheglassＧceramicsheattreatedatdifferenttemperaturesfor１h

ticlesobservedintheparentglass,confirmingthat
nocrystallinenucleiformedintheannealedglass．
AsseeninFigs􀆰６(d)－６(h),thecrystallizationwas
almostcompleteabove７３０ ℃ viabulkcrystallization．

Homogeneousgranularparticleswiththesizeofless
than２μmcanbeobservedinFigs􀆰６(d)－６(h),
withoutanycoarsecrystals．Thisindicatedthatthe
Ostwaldripeningprocessdidnotoccurduringthe
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heattreatment,eventhoughthe heattreatment
temperaturewashigherthantheexothermalpeak
temperatureinFig􀆰２．TheXRDandSEM results
confirmedthatthethreeＧdimensionalcrystalgrowth
wasthedominatingmechanismoftheoneＧstepcrysＧ
tallizationprocessoftheparentglass．
　　Toevaluatethecomprehensivepropertiesofthe
glassＧceramicspreparedbytheoneＧstepcrystallizaＧ
tion,somepropertiesareshowninFig􀆰７．ThemiＧ
crohardnessanddensityoftheglassＧceramicsinＧ
creasedfirstandthendecreasedwiththeheattreatＧ
menttemperature,asshowninFig􀆰７．Theincrease
indensityandmicrohardnessmaybeduetotheforＧ
mationofmoreaugitecrystals．Nevertheless,the
reasonforthedecreaseindensityandmicrohardness
maybethatthedistancebetweentheaugitecrystal
facesincreasedwiththeheattreatmenttemperature,as
discussedabove．Otherpropertiesofthesampleheat
treatedat７８０ ℃for１harealsoshowninFig􀆰７,
andaresuperiortothesimilarglassＧceramicspreＧ
paredbythetwoＧstageheattreatmentandsintering
methods[３]．TheexcellentpropertiesoftheglassＧceＧ
ramicssuggestitspotentialapplicationsinconstrucＧ
tionandindustrialareas[１９]．Ingeneral,alloftheabove
resultsclearlyconfirmthattheoneＧstepheattreatＧ
mentisapplicablefortheglassＧceramicsproduction．

Fig􀆰７　PropertiesoftheobtainedglassＧceramics

３　Conclusion

　　Therehavebeennocrystallizationkineticsstudies

focusedontheoneＧstepcrystallizationofglassＧceＧ
ramicsduetofew glassＧceramicspreparedbythis
route．Thispaperfocusedonthisproblem．TheactiＧ
vationenergyvalueandtheAvramiparameterofthe
parentglasswerecalculatedas１５２􀆰７９kJ/moland
４􀆰３９,respectively．ContinuousnucleationandthreeＧ
dimensionalcrystalgrowth werethe dominating
mechanismsintheoneＧstepcrystallizationprocessof
theparentglass．Thepropertiesoftheobtained
glassＧceramicsweresuperiortotheglassＧceramics
preparedbythetwoＧstageheattreatmentandsinteＧ
ringmethod．
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