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Abstract

The role of small-angleX-ray and neutronscattering(SAXS and SANS)in the characterizatioof cementis briefly reviewed.The unique
information obtainablefrom SANS analysisof C-S-H gel in hydratingcementis comparedwith that obtainableby other neutronmethods.
Implicationsfor the natureof C—S-H gel, asdetectedy SANS,areconsideredn relationto currentmodels Finally, theapplicationof the SANS
methodto cemenipastas demonstratelly analyzingthe effectsof calciumchlorideacceleratiomndsucroseetardatioron theresultinghydrated

microstructure.
© 2006 ElsevierLtd. All rightsreserved.
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1. Introduction

The quanttative and statisticdly repregntative characte
izationandmodelng of hydratng cemenmicrostructiresusing
both small-angle neuton and X-ray scatering (SANS and
SAXS) hasbeenpursuel by groupsfrom aroundtheworld, e.g.,
[1-17]. Whena neuton or X-ray beampasseghrough a ma-
terial, a compment of the beammay be scatteredut of the
incident beamdiredion by a smallangledueto heterogendies
within themicrostucture Theangula profile of thesmall-angle
scattered SAS) intensityis effectively a Fourier trangorm of
this microstructuwe. In prindple, the angula width, intensity
and the scatteringprofile can be analyzd to determire the
statisticdly repregntativesizedistribution, volume fracion and
form of the scattemg featues [18]. In practce, the dataare
interpreed usingan approprate microstructue mode| andthe

microstucture is quantfied through the paranetersobtained.

SAS techniquesare particulaly useful for investigating cal-
cium-silicaie—hydrae (C—S-H%) gel structure given that the

amophous natue of C-S-H rendes diffracion ineffective.
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Also, the gel canbe affectedby sampe preparatia, requiring
greatcareto betakenfor methodssuchaselectronmicroscop.
By comparisonthe sampe prepaationrequiredfor SAS does
not disturb the microstructue. Furthemore, the C-S-H gel
structure which exhibitsfractal propeties, extend overlength
scaleghatareappropiatefor SAS.

Quantifyingthe structureof C-S-H is compicatedby the
preseweof water(H) in variousstategsangngfromOH™ groups
to trappediquid in thenaroscalepores A furthercomplication
lies in the presenceof a fine calcum hydroxide (CH) phase
intermixedwith C—S-H [19]. This makesit ne@ssaryto de-
terminethe fine and coarseCH structureat lengthscalesfrom
nanonetersto tensof micrometersso thatthe C-S-H canbe
unamliguouslycharacerized. SANS studiescanaddressthese
issuesin two ways. The strongisotope effectin neutronscat-
tering enablesmuchinformationto be gainedfrom H,O/D,O
contrastvarigion studies. The recentdevelg@mentof practcal
ultra-SANS (USANS) instrunent configuraions providesac-
cessupinto the 10-um scaleregime[20-22].

The quantitaiive microstructue analyss of C-S-H gel by
SAS mehods is of particula interest espedlly when the
resultsare compaed with thoseof quasielast neuton scat-
tering (QENS)which can measue the different statesof free
andboundwater (e.g.,[23-25]), andinelasticneutronscatteing
(INS), which can measire the total amour of CH formation
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[26]. SAS datafrom cemen exhibit characogristichallmarlks of
the C—S-H microstructue from which a pictureof the C-S-H
gel morphology canbe discened.

2. Small-angle scatteringand the difference betweenSANS
and SAXS

Fig. 1 showsaschemat of aSANS expermentasfoundata
reacbr-basedneution sourcewhete arotaing velocity seletor
providesanincidentneutronbeamthatis monodromaticwith-
in a neutronwavdength bandof some10% to 15% arounda
seleted wavdengh value. For a pulsal neuton sourceall
wavdengthsareutilized and differentwavdengthcompaments
are selectedduring the analyss by time-of-flight methods. In
either case,the small-ande scatering intensity dataare mea-
suredon a 2D positionsengive detector The geometricangle
of scater betweenthe incidentandscateredbeam,20, is con-
vertad into a scatteriig vector of magnitue, Q=(4n/1)sing),
wherel is theneuton or X-ray wavelengt andthedirectionof
Q is as defined below In general,the scattemg from fine
microstucturefeatuesoccursat relatively large scateringan-
glesor Q values thatfrom coarsefeatuesoccursat small Q.

Fig. 2 presets typical SANS datafor a hydratng Portland
cemen. Theintensitydatashownarenormalizedto theincident
beamintensity and correctedfor both sampleabsorptionand
otherbackgraind scatteringeffects(including a significantflat
backgraind subtracton at high Q for both SAXS and SANS),
and have been circuarly-aveaged about the incident beam
diredion. Theresut, calledthescatteng crosssectiond>/dQ,
is amaterial property(for X-ray or neutronscattemg) andis the
probability perunit sampe volumeof scatteng into unit solid
angleaboutadiredion correspondigto thescateringvector Q
[10,18] The diredion of @ biseds the incident and scattered
beamdiredions and for small scatering angles,is approxi-
matelyin the planeof thesamplgFig. 1) aswell asin thatof the
incident and scatteredbeams.On a log-log plot of dX/dQ
versusQ thegenerakhapeof the scateringcurvefrom agiven
microstuctureis similarfor SAXSandSANS.However SAXS
valuesof d2/dQ aresignificartly largerthanfor SANS.SAXS
arisesdue to X-ray photon scattemg from whole atons (or
enserblesof atons) andthe scateredintensity varieswith the
squareof the electon numbe density; SANS arisesdue to
neuton scattemg from the atonmic nudei and the scattered
intensiy fluctuateshrowgh the periodictablewith somestrong
isotopeeffects.In particula, the SANS from hydroge or H,O
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Fig. 1. Schematiof a typical reactorbasedSANS instrument.
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Fig. 2. Typical SANS datafor cemenfpastetogethemwith a fractalmodelfit, as
discussedin the text. Major hallmarks are indicated together with their
associatednicrostruture features.The dashedlines have the Q power law
exponentsndicatedfor the differentQ regimes.

is significantly differentto thatfrom deuteium or D,O (heavy
water)[11]. The neution scattemg contrastfor hydrating ce-
mentcanbevaried by changhgthehydrogen/deuteiumratio in
the pore water, or other pore fluid. Frequatly, the scattered
intensitiesare simply referied to as 1(Q) but for quanttative
comparisas betweendifferent experiments, it is essentialto
establisithatthe [(Q) datameetthe definition requremantsfor
dX/dQ. Dueto the extendd Q andintensityrangesinvolved,
log-log plots of 1(Q) versusQ exhibit rathe subtle changes
for differentcemen microstucturesandit is conveniento plot
1(Q)! Q* versusQ on a log-log scalefor evaluding micro-
structuredifferenceg15], as shownlater

3. Analysis of SANS data

Many microstuctue modelsare now avdlable [27], from
useof the Guinier approxmationfor particulde sysemsto a
full size distribtion analyss of coheretly orderel micro-
structurs [18], or the charactrizaion of fractal morphologies
[4]. Generally an inverserelationshipexiss betweenQ and
scatterig size. Typically, the data are analyzd to provide a
guantitaive measire of a model microstuctue basedon an
interpreation establibedfrom microscop. Occaionally hall-
marksappearin the data,assocatedwith particula morphol-
ogies.Theseinclude peaksvheninterferenceeffectsoccurin an
orderedor periadic microstucture, Q' scattemg for long
capillaries,or Q 2 scatering for sheetsor menbraneg18].

3.1. Fractal versusother microstructuesfor C-S-H gel

It must be statedthat the Q 2 scatteng that would be
indicative of a possiblesheetlike C-S-H structure propo®d
elsewhee (e.g.,[19]), hasnot beenobsened for cemem sys-
tems,exceptwhere extensiveleachng hasreducecdthe overall
Ca/Siratio to lessthan1.5[15]. This doesnot precudea sheet
structurefor C-S-H at the nanoneterscaleif thisis foldedup
within theobsernedC—S-H microstructue, but it doesprecude
a sheetlike morphology on a more extensivelengh scale
InsteadasFig. 2 indicatesthe datacanbeinterpreed usinga
combinaton of surface-fractal and mass or volume-fradal
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compaents togeher with a building block globule size of

diameer 5 nm or less[4,5]. Massfractal structurs are char-
acteized by non-integal power law Q Pv scatering where
(usualy) 2<Dy, <3; surface-factalstructuresarecharactrized
by non-integralpowe law Q~ ¢~ P9 scateringwhere 2<Dg<3

sothatthe scattemg exponenis betweer3 and4. Our general
interpreation of the datain Fig. 2 is thatthe gel globulesand
volume-fractalstructure compise the C-S-H low-density or

outer-producstructurein hydratingcemem, and that the sur-
face-factalstructure arisesswherethis decorateglinker grairs
or othercoarsefeatures[As canbe inferredfrom Fig. 2, both
Dy andDs arefrequently closeto 2.4, suggetng thata com-
mon structure underles both fractal morphologes.] A quantt

tative modelcandetemine not only the fractalexponers, Dy

andDs, but alsoC-S-H volumefractions surface areasand
the correhtion lengthsthat define the size regimes for fracial

scaling [10]. In recentyears,this fractal interpreation has
provenusefulfor following cemem hydraton in realtime, for

exploiing the effectsof cememnadditives(e.g.,silicafume),and
for assesing the microstructire effects of leachng [4-17].

However an absoute detemination of the microstucture
paraneters dependsnot only on absolte calibraton of the
SANS or SAXS data(i.e. d2/dQ) but alsoon accurag¢ know-

edgeof the scattemg contrastfor C-S-H gel. This issLe re-
mainsachallengedueto theuncerain natue of C-S-H, and is

a subject of ongoing researchuy the authos. SANS contiast
varigion studiesarecental to suchefforts

3.2. Scatterirg invariant

In principle,sateringtheay providesamethod to circumvent
uncertainties in the C-S-H scattering contrast [18], through
applicaton of the satering invariart, Qnvariant given by:

z

: © _L,dX
QwvarianT ! 272@1" 1-d#Dpj? ! QZ@"Q#JIQ o
0

where &+ is either the solid volume fradion or the porosity and
|Ap[? is the scattering contrast between the voids ard the sdid
phase.Independert knowledge of the cement porosity, se to @+ or
(1-®;) affords a value of |Apf if the Q*weighted SANS or
SAXS ddaare integrated across the Q-rarge asindicated in Eq.
(1). Thisapproachwastakenin ealy SAXSstudiesof cement[1].
However, Fig. 3indicaeslimitationsin this method. Theintegral
must be taken over al Q, not just the Q-rarge measured This
implies that an extrapolation must be made both to Q=0 ard to
Q= (or at least, Q=4n/1). Fig. 3 shows how significart parts
of the integral fal outside of the measured Q-rarge If this is
ignored QnvarianT Can be underestimated, leadng to a spu-
riously high specific surface areadetermination if derived froma
comparison of Eq. (1) with thatfor the Parod scattering:

d | 2rjDpj’Sr

do - 4
Q= Q
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where S; is the surface area pe unit sample volume. (The
urknown |Ap[? cancels out in the comparison.) Difficulties in
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Fig. 3. Measuredand extrapolatd integrandfor scatteringinvariant with
wavelengttD.8 nm (maximum Q=15.7nm * or 1.57¢ ~%).

méking the data extrapolation arise from uncertainty in the high
vauesof d2/dQ atlow Q, and in the flat background subtraction
at high Q (note data are Q>-weighted in the integral). Thus
absdute determinaiion of d>/dQ ard |Ap|? for both SANS and
SAXSis genadly preferred overthe scattering invariant method
for investigations of hydrating cement.

3.3. USAXS and USANSextendthe microstiucture sizerange

Ultrasmal-angle scattemg (USAXS and USANS) instru-
mentsapplycrysial diffractionopticsto obtain SAXS or SANS
datato much lower Q valuesthan can be obtainedusing the
convenional geoméry shown in Fig. 1 [20-22]. USANS
extend the rangeto particulaly low Q (3! 10 ® « ). This
enabls microstructire characgrizaion to be extenadto larger
featuresizes:to beyond1l pum for USAXS, andto morethan
10 um for USANS, — provided the sampe can be made
sufficiently thin to avoid significant multiple scatteng. For
cemenm systemswe havefound an ideal coupa thicknessof
0.4mm-0.5mmfor SANS,SAXS,USANS or USAXS, despite
the differentscatering geoméries, wavdengthsand scattemg
contraststhat apply By combning SANS and USANS for
differentH/D blendsin theporefluid it is possiblejn prindple,
to discen the microstructue of the CH compament within
cemen. This is becausehe formula and densty for CH are
well-known, the OH groupsdo not exchangeo becomeOD,
anda contastmatchpoint occurswith the pore waterat 32%
D,0. Thus,with theseadvancesthe CH SANS componenican
be characatrizedoversufficientlengh scaleto enconpasshoth
micromeer-scaleCH crystds and fine nanoscke CH. By
subtractng out the CH SANS compaent,it is articipatedthat
the SANSassoatedwith C-S-H will beinvestigatedin future
SASstudesover acontiguasscalerangefrom 1 nmto 10 pm.

4. Relationship of SANS to other neutron methods

At wavelengths useful for the structural investigation of
materials, neutrons have energies close to those for molecular
thermal vibration (unlike X-rays which have much higher
energies). Furthermore, the incoherent neutron scattering
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cross-section for hydrogen is particularly high. Thus, inelastic
neutron scattering (INS) can measure molecular vibration
spectra [26], particularly when hydrogen bonding or OH™
groups are involved as in C-S-H or CH. Meanwhile,
quasielastic neutron scattering (QENS) can exploit the effects
of neutron recoil from a proton (of approximately the same
mass as a neutron) in order to interrogate the free or bound
state of water within C-S-H gel (or elsewhere within a
cement) [23-25]. INS studies have recently provided signif-
icant information on the bonding within C—S-H, aswell ason
the total CH formation, including nanoscale CH embedded in
C-S-H [26]. This contrasts with neutron and X-ray diffraction
methods that measure the micrometer scale crystalline CH
formation. QENS measurements can also quantify the changes
in the state of the cement pore water as it is incorporated into
C-S-H gel and CH during the hydration process [25].

A compaisonof thetimedepenlence®f thecemeninternal
surfaceareadeducedrom the SANS Porod scatering(Fig. 4a),
theboundwaterfraction(index) measuredy QENS(Fig. 4b),
andthe heatoutputof the cemem hydraton reactonsmeasured
by thermalcaloimetry (Fig. 4a), is illuminating. As with cor-
respowing INS data(not shown), the QENStime dependece
closdy follows the hydrationreacton heatoutput Thisis to be
expeckd given that both INS and QENS measire changes
associatedliredly with hydrationchemstry. However while
the microstuctue changeameasired by SANS or SAXS (in-
creasingsurface areaand fractal microstucture develgpment)
follow the reactionchemisty throwgh the time of the main
hydraton ped, this doesnot continue over more extened
periads. The measirabk microstructue changesn subtleways
after the first 24 h, but the denseor inner-productC-S-H
morphologyproduce from continuel hydratonis notvisibleto
SANS or SAXS. This point distingushesSAS mehodsfrom
theotherneuton andX-ray techngues,aswell as methodslike
nuclea magnéic resonace (NMR) [28], which essentidy
measire the time dependece of the overal cemeih chemistry
By cortrast,SANSor SAXS follow thedevelgpmentof theless
denseor outer-producC—-S-H morpholay betweerthe orig-
inal clinker grairs. It is this microstuctual compment that
provides hydratedcemen both with its strength and with its
available (active) surface areafor fluid sorption or foreign
specesadsorpion throughouthe cemen servecelifetime. This
seledivity is an exploitable advanage of SAS methods in
advancedemen reseach.

5. Effects of CaCl, and sucroseon the hydrated cement
microstructure

A useful applicaton of SANS to cementpasteis to in-
vestigatehe microstucturedifference thatresultfrom the use
of various mineralandchemicaladditives Here we discusshe
effectsof calcum chloride, a hydrationacceleratgrandsucrose
(tablesugar) a hydrationretader, on the hydratedmicrostruc-
tureof ordinaryPortlandcemen (OPC)paste Themechaisms
by which theseaddiives affect the kinetics are not fully un-
derstood(seediscwssian in [29]). Accderation by CaClb is
likely relatd to an increasedrate of precpitation and floc-
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Fig. 4. Time dependere during cementhydration of: (a) SANS-meaured
surfaceareaandreactiorheatoutput[12], and(b) QENS-meas@dboundwater
fraction[23].

culationof C—S-H from solution while sucrosés believedto
adsorbonto calcium-coraining hydraton producs, inhibiting
furthergrowth. Vollet andCraievch[17] previauslyusedSAXS
to studytheeffectsof sugarandCaC} onthehydrationkinetics
of pureC3S, by usingthe changen the scatteredntensity ata
fixed Q valueto monitor the developmenbf nanopoous hy-
drationproduct.Whereaghatstudydrewconclwsionsaboutthe
nanostrueireof theearlyhydraton productfrom ananalysisof
thekinetics, the presentstudyusesthe l(Q) datafrom SANSto
comparediredly, the microstructuesof well-hydratedpasts.
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The CaCl wasaddedin the amountof 2% massOPC,and
acceleatedandcontmol pasteswith water-to-cementassratio
(w/c)=0.4 were hydratd for 28 daysat 20 jC undersatuated
condifons. As determired from thermal calorimery, the 2%
additionof CaCl reducedhetime requiredto reachthe max-
imum hydraton ratefrom about10 h to 3 h, indicatingthatthe
early hydraton kinetics are acceleated by a factor of about
three However theadditionof CaCl doesnotaffectthedegree
of hydrationof the pasteat agesgreater thana few days[29].
The sucrog was addedin the amourt of 1% massOPC.
Addition of sucrosesignfficantly delaysthe startof hydraton,
so that the dormantinducion perid is increasedfrom a few
hoursto severadaysor even weels [30]. Oncehydraton stats,
the hydration proces proceed at a normal or evenslightly
acceleatedrate.To ensurghattheinducion periad endedwell
beforetheageof 28 days thesugar-retardepastevashydrated
at 40 iC, as was an un-retardedcontiol paste Gari and
Jennngs [30] found that after 28 daysat 40 iC the degreeof
hydraton of the sugar-retardegastewas slightly higherthan
thatof the control.

Fig. 5 showsthe SANS datafor the pastes descrbedabove,
eachcut into coupons0.4 mm thick to avoid the multiple
scattemg effeds sometime®bsenedfor thickersampleg22].
Data were obtaired using the NIST/NSF 30 m SANS at the
NIST Centerfor Neuron Resarch Addition of CaCl, resultsin
significantchangeso the SANS data.Theintensityat higherQ
valuesis increased,indicatingmore volumefractal scatering,
while theintensiy at lower Q valuesis decreaed, suchthatthe
surface-fractalregimeis apparehonly at the lowestQ values
samped. This is corsistentwith the formation of a greaer
amourn of fine (nanosale) C-S-H gel hydraton productthat
fills the (micrometersize) capillary pore space,leaving rel-
atively little room for a distinguishabé surface-fractalinterfa-
cial morpholoy on the capillarypore walls. By compaison,
theaddiion of sucrog generagsrelatively minor changeso the
SANS data,the only apparenhdifferencebeing a modes de-
creasdn the surface-fractal compaentin the scatteng.
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Fig. 5. SANSdatafor OPCpastesydratedwith andwithoutadditives plotted
asl(Q)! Q*versusQ. All pastesveremixedatw/c=0.4andcuredfor 28 days.
(a) Addition of 2% CaCl, (pastesuredat 20 jC). (b) Addition of 1% sucrose
(pastexuredat 40 C).

Tablel
Microstructure parametes derivedfrom fractal modelfits to the SANS data
shownin Fig. 5

Control 2% CaCb Control 1% sucrose
(20iC) (20iC) (40iC) (40iC)
St (mPent) 96 (5) 133(7) 101(5) 98 (5)
as (nm) 4.15(12) 4.05(12) 4.06(12) 4.15(12)
PcsH 0.109(6) 0.150(8) 0.129(6) 0.099(5)
n 0.575(17) 0.586(17) 0.614(18) 0.564(17)
Dy 2.61(5) 2.60(5) 2.58(5) 2.54(5)

Thenumbersn parenthesesreestimatedtandardieviationsn leastsignificant
digits.

Table 1 lists some microstuctue paranetersobtainedby
fitting modelgto thedatashown in Fig. 5. Thetotalsurfacearea,
Sr, was obtaired from the Porod scattemg at the highestQ
valuesusing Eqg. (2). The other paraneterswere obtaned by
applyingthefractalmodeldiscissedearlier [4,5,10] We follow
thefractal modelinterpreationandcontrasassumptinsof our
recentpreviouswork [15], which doesnot takeaccountof the
ongoirg work to distingush betweerthe fine CH and C-S-H
morphologes mentoned above.However it sufficesfor the
microstucturecomparisasmadeherebetweeracceleatedand
retardedcemen systemsin Table 1, the parameteras is the
fitted sphereequivalentparticlediameterof the basicvolume-
fractalbuilding blocks,andy is thefitted local packirg fraction
of theseparticles Parameterpcsy is thefitted volumefraction
of solid C—S-H gelin the pasteaccessibléo SANS, which, as
discussecbarlier includesonly thelow-dengty “outerproduct
form of C-S-H. Finally, Dy is the fitted volume-fradal
exponent

From Table 1 it can be seenthat the surfece areasof the
control and sucrose-re@irdedpaste are similar, while that of
the CaCl acceleated pasteis some 30% higher A similar
trendis obsered in the C-S-H volume fraction,so it canbe
concluedthat CaCl increaseshe amountof observale low-
densityC-S-H. Thisisin agreementwith the resuts of Vollet
andCraievich[17], whofoundthatthedegreef hydraton atthe
end of the early rapid hydration period (associated with
formaton of fine hydraton product)is significantly increased
by CaCl, and slightly reducedby sugar It canbeinferredthat,
sincethe degreeof hydraton is notincreasedCaCl decreass
the amoun of high-densityC-S-H. The resultsarein good
agreementvith the obsenation that CaCl acceleated pastes
undergamnoredrying shrinkage asthelow densty C-S-H gelis
the primaryshrinking phaseln all pasteghe particle diametey
as, is essentiallyconsant, andthe variaionsin » and Dy are
relativelysmall,indicating thatthe nanoscke C-S-H gel mor-
phology is not significantly affectedby the additives

6. Conclusionsand issues for further consideation

In this papermwe haveindicatedhow recentdevelgmensin
SAXS, SANS, INS, andQENS methodsfor studying hydrating
cemen systemsan be usedto elucidatehe morphdogy of the
C-S-H gel overanextened lengh scale. A numbe of ques-
tionscannow be madethe subject of furtherinvestigation:How
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is the C-S-H globuléfractalpicture of C—-S-H assocatedwith
SAXS and SANS to be reconcled with the various otherpar-
ticulateandsheemorphologiesassocitedwith charactedation
methodssuchaselectonmicroscop [19]? Whatis thedenseor
inner productmorphology of C-S-H andwhy is it virtually
invisible to SAXS or SANS?To what extentand underwhat
conditiors caninner productand outer productC-S-H trans-
form betweeneachother?0ur knowledgeandundersandingof
cemeits and C—S-H gel arenow sufiicientthatit is timely to
constder how such quesions might be answered in future
studies.

We havealsoillustratedtheapplicationof SANS to quantify
the effectsof anaccelerato(CaCl) andaretardersuciose)on
thehydraedmicrostucture.Theuseof CaCl did notaffectthe
nanoneter-scalevolume fractal structureof the C-S-H gel, as
detemined from the building-block particle size and fractal
exponentbut did significantly increae both the totd internal
surfece areaand the volume fracton of the specimeroccupied
by low-densityC-S-H visible to SANS. The latter observa-
tions are in agreemenwith the known tendencyfor CaCl to
increasedrying shrinkage For the curing condiionsusedhere,
sucrog hadno measurald effecton the matre microstucture
despie its strongretading propeties.
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