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ABSTRACT
The fme texturesof alite vary sensitivelywith heatingrates and minor com-
ponents in clinker. The phase constitution(the ratio of M3to M,) and the
morphologyof alitedo notnecessarilychangemonotonouslywith the heating
rate. MgO and NazOfavorthe formationof the MJphase whereasPz05and
S03, especially the former, enhance the occurrenceof the Ml phase. The
heatingrate and the minorcomponentinteractwith respectto the phasecon-
stitutionof alite. Theseresultswere explainedsystematicallyin terms of the
growthenvironmentof alite in clinkerandthe replacementof minorelements
in the structureof alite.O 1997Elsevier Science Ltd

Introduction

The fme texturesof the constituentmineralsin Portlandcementclinkervary to a consider-
able extent with the processingconditions,exertinga great influenceon the quality of re-
sulting cement (l-3). Accordingly,the evaluationof the fine textures is importantto the
process and quality control in clinker manufacturing.Alite crystals in portland cement
clinker,which are precipitatedfromthe interstitialliquidsupersaturatedas regardsCaO and
C*S(4,5), usually occur in MJ or Ml or in their hybrid at ambienttemperature(6-8). The
phase constitutionof alitedependsprimarilyon the amountand kind of impuritiesincorpo-
rated into alite duringcrystallizationfromthe interstitialliquid(9-11).The concentrationof
minorcomponentsin alitedependsonthe growthrate as wellas on theirconcentrationin the
interstitial liquid. The crystal growth of alite can be divided into two modes, stable and
unstable,with widely differentfine textures(5,7).The unstablegrowth,in which alitecrys-
tals grow at high rate entrappinga large numberof inclusions,leads to the large size and
irregularouter shapeof alite crystals.Ml tendsto occurbecauseof a high concentrationof
impurities as A1203 and FeZOJin solid solution.In the stable growth, on the other hand,
facetedcrystalsoccurwith a scarcityof inclusions.The impurityconcentrationis relatively
low in favorof the occurrenceof Mj. Takingintoaccountthe fine texturechangeof alite as
mentionedabove,the growthenvironmentof alitein the earlystageof clinkeringwas classi-
fied into the followingthree categoriesin orderof decreasinginitialsupersaturationof CJS
(7,10).
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1. Highnucleationand lowgrowthrate (nucleationpredominant)
2. Low nucleationandhighgrowthrate (growthpredominant)
3. Lownucleationand lowgrowthrate (extendednucleationandgrowth)

Based on this classification,the presentstudy deals quantitativelywith the influenceof
heatingratesandminorcomponentsonthe phaseconstitutionandthe grainsizeof alite.

Materials

The raw mixes were prepared with limestone,clay and chemicalreagents. The chemical
compositionof the standardclinkerto be obtainedafterburningwas: Sioz 22.5, AIZOJ5.3,
FezOJ3.1, CaO 66.0,MgO 1.4,P205 0.2, S03 0.7,NazO0.39 and KzO0.56 by weightper-
cent. HM, SM, IM and LSD were 2.14, 2.70, 1.70and 0.93, respectively.A series of raw
mixes with increasedconcentrationof Mg, Na, P and S were preparedby adding reagent
MgCOj,NaCOj, CaSOq. 2Hz0 and Ca(HzPOd). 2Hz0 to the standardraw mix. The raw
mixes, after being pelletized and calcined at 1000”Cfor 30 minutes, were heated up to
1600”Cat given rates between 10 and 50°C/min,retained for 5 minutes, cooled down to
1450”Cat 38°C/minand then quenched.Clinkerspecimensisothermallyburnt at 1600”C
were alsopreparedfor comparison.Theatmosphereduringburningand quenchingwas air.

Experimental

The volumeratio of MJto M, in alitewas determinedby the XRD methoddevelopedby the
authors (3). This method is based on the decompositionof the X-ray diffractionpeaks be-
tween 51.0 and 52.5°(2e for CUKCX)into thoseof Ml and MJ.The X-ray intensityratios of
Mj to Ml were calibratedby the ratiosobtainedby the point countingtechniqueunder the
microscope.Ml and MJ,widelydifferentin birefringence,can easilybe distinguishedunder
the microscope.The grain size of alite crystalswere measuredon the polishedsectionsfor
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FIG. 1.
Variationof phaseconstitutionand grainsizeof alitewithheatingrate.
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(a) IO°C/nlin. (b) 50”C/nlitl (c) Isothermal hewing

FIG.2.
Variationof fmetexturesof alitewithheatingrate.

approximately1000grains.The averagesizewas expressedby IX(longerdiameterx shorter
diameter)/numberof grains]’n. The morphologicalinstabilityof alite crystalswas also ob-
served.The concentrationsof P and S in alitewere determinedwithEPMA.

ResultsandDiscussion

Figure1showsthe variationof the ratio of MJand the mean grainsize of alitewith increas-
ing heatingrate for the standardclinker.Mj continuesto decreaseup to 50°C/min,which,as
shownin Fig. 2, correspondsto increasingoccurrenceof zonedcrystalswith Ml in the core.
Between 2@C/minand 50°C/min,the crystalsbecame large and irregular in shape, espe-
cially in the core. Thesechangesin the phaseconstitutionand grain size of alite are consid-
ered to be due to the high rate of dissolutionof CaO and Cd3into the interstitialliquidand
the resultant increase of supersaturationin the early stage of clinkering, i.e., the growth
environmentof alite changedfrom catego~ 3 to 2 with increasingheating rate (7,10). In
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FIG. 3.
Incrementof minorelementsandthe occurrenceof the Mj phase.
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other words, the growthrate of alite, as comparedwith the nucleationrate, was kept high
duringthe initialstageof clinkering.In isothermalburningat 1600W,the growth environ-
ment of aliteapproximatedcategory1and MJ increasedin quantitywith a decreasein grain
size.At IO°C/min,the alitecrystalsgrewlargewith facetsdueto the Ostwaldripeningof the
crystals formed under category 3 with prolongedretentionat elevated temperatures(12).
Thus the heatingrate exertsa significantinfluenceon the growthenvironmentof alite with
the intermediateheating rate promotingthe growth process. For a wide range of heating
rates, therefore,the monotonousdecreasein grain size with increasingheatingrate as men-
tionedby Ono (1) is notnecessarilyexpected.

Fig. 3 showsthe effectof the concentrationof minorcomponentsin clinkeron the MJM1
ratio of alite.The incrementof the cationicelementswas givenby molper IOOgclinker.The
raw mixes different in impurity concentration were burnt at constant heating rate of
30°C/minbetween 1000and 1600”C.Mg and Na promotedthe formationof the MJ phase,
whileP and S, especiallythe former,encouragedthe occurrenceof the Ml phase.As shown
in Fig. 4, the phase changewas accompaniedby morphologychange. The results can be
explainedin termsof the influenceof thoseminorcomponentson the physicalpropertiesof
the interstitialliquid and the resultantgrowthenvironmentof alite in clinker (10,13). The
increaseof Mg raises the surfacetensionand lowersthe viscosityof the interstitialliquid.
These changes of the physicalpropertiespromotethe dissolutionof CaO and CZSgrains
(14), causingthe increaseof supersaturationin the early stageof clinkering.As a result,the
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FIG.4.
Effect of minor elementson the fine texturesof alite. Heatingrate: 30°C/min;Increment:
6.25x 10-3mol1100gclinkerforMg,Na, S and 3.13x 10-3mol/100gclinkerfor P.
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TABLE 1

Distributionof P and S intoAlite

P s

(mol X 10-3/100gclinker)

alitc (n=lO) 5.7 (4.06.9) 2.2 (1. 1-4.0)

clirdfcr 5.9 7.9
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nucleationprocess is encouragedproducinga largenumberof smallfacetedcrystalsgrown
stably and made up mostly of Mj (Fig. 4a). On the contrary,the increaseof Na raises the
viscosityand lowers the surfacetensionof the interstitialliquid,thus depressingboth nu-
cleationand growthrates of crystallization.The crystalsgrew stablythroughoutwith MJas
the constituentphase (Fig. 4b). P and S lowerboth the viscosityand the surfacetensionof
the liquidto a considerableextent.Thegrowthenvironmentof alitewas suchas represented
by category2 in which a smallnumberof nucleigrew at highrate. The growthmode in the
early stage of clinkeringwas unstablein favor of the occurrenceof Ml. Mj was observed
only in the peripheryof the crystals(Fig. 4c). Despitethe similarityin their effect on the
physicalpropertiesof the interstitialliquid(13),P is muchmore effectivethan S in produc-
ing MI. Thiscan be ascribedto the highervolubilityof P intoalite (Ml part) as illustratedin
Table 1; P is distributedto alite in nearly2.5 times as much concentrationas S thoughthe
bulkconcentrationof P in clinkerchemicallyanalyzedis a littlelower.

The raw mixeswith increasedconcentrationof minorcomponentswere burntat different
heatingrates. The incrementof cationicelementswas 6.25 x 10-3mol per IOOgclinker for
Mg, Na and S and 3.13 x 10-3mol per IOOgclinkerfor P. The incrementof P was halved
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FIG. 5.
of heatingrateson the occurrenceof Msphasewiththe incrementof minorelements.



1128 M. IchikawaandM.Kanaya Vol.27,No.7

consideringits concentrationin alite as mentionedbefore.Fig. 5 showsthe phase constitu-
tion of alite. In the case of Mg, MJturnedto increasebeyond30°C/min.This suggeststhat
with the incrementof Mg the initialsupersaturationincreasedas comparedwith the standard
clinker (Fig. 1). With the incrementof Na, MJ decreasedsteadily with increasingheating
rate. The rise in initial supersaturationwas so small that the growthprocessremainedpre-
dominantin the crystallizationof alite.No remarkablephasechangewas observedwith the
incrementof P and S. The slightincreasein the MJcontentat higherrats can be ascribedto a
small increaseof the initialsupersaturation.

Comparisonof Figs. 1, 3 and 5 showsthat concerningthe influenceon the phase consti-
tution of alite the minor componentis superiorin effect to the heatingrate. This indicates
that the minorcomponentsin solidsolutionare most influentialon the phaseconstitutionof
alite at ambienttemperature,i.e., the replacementof the Ca sitesby Mg and Na encourages
the occurrenceof MJ and that of the Si sitesby P and S the occurrence of Ml (11,15).The
transitionelements(d-blockelements)were shownto be arnphotericin effect accordingto
theirredoxstate(10).

Summary

1) The heating rate of clinker influencesthe growthenvironmentof alite, especiallythe
supersaturationin the early stageof clinkering,and changesthe resultantphase consti-
tution and grain size of alite.The relationsof heatingrate to the phase constitutionand
the grainsizearenotnecessarilymonotonous.

2) Minor elements widely change the physical propertiesof interstitial liquid and thus
influencethe growthenvironmentof alite.Minorelementsreplacingthe Ca and the Si
sites in alite structurefavorrespectivelythe occurrenceMJand Ml at ambienttempem-
ture.
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