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Abstract

The role of small-angleX-ray andneutronscattering(SAXS andSANS) in the characterizationof cementis briefly reviewed.The unique
informationobtainablefrom SANS analysisof C–S–H gel in hydratingcementis comparedwith that obtainableby other neutronmethods.
Implicationsfor thenatureof C–S–H gel,asdetectedby SANS,areconsideredin relationto currentmodels.Finally, theapplicationof theSANS
methodto cementpasteis demonstratedby analyzingtheeffectsof calciumchlorideaccelerationandsucroseretardationon theresultinghydrated
microstructure.
© 2006ElsevierLtd. All rights reserved.
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1. Introduction

The quantitative and statistically representativecharacter-
izationandmodeling of hydrating cement microstructuresusing
both small-angle neutron and X-ray scattering (SANS and
SAXS) hasbeenpursued by groupsfromaroundtheworld, e.g.,
[1–17]. Whena neutron or X-ray beampassesthrough a ma-
terial, a component of the beammay be scatteredout of the
incident beamdirection by a smallangledueto heterogeneities
within themicrostructure.Theangular profileof thesmall-angle
scattered(SAS) intensity is effectivelya Fourier transform of
this microstructure. In principle, the angular width, intensity,
and the scatteringprofile can be analyzed to determine the
statistically representativesizedistribution,volumefraction and
form of the scattering features [18]. In practice, the dataare
interpretedusingan appropriatemicrostructure model, andthe
microstructure is quantified through the parametersobtained.
SAS techniquesare particularly useful for investigating cal-
cium–silicate–hydrate (C–S–H1) gel structure, given that the
amorphousnature of C–S–H renders diffraction ineffective.

Also, the gel canbe affectedby sample preparation, requiring
greatcareto betakenfor methodssuchaselectronmicroscopy.
By comparison, thesample preparation requiredfor SASdoes
not disturb the microstructure. Furthermore, the C–S–H gel
structure, which exhibitsfractal properties,extends overlength
scalesthatareappropriatefor SAS.

Quantifyingthe structureof C–S–H is complicatedby the
presenceof water(H) in variousstatesrangingfromOH− groups
to trappedliquid in thenanoscalepores.A furthercomplication
lies in the presenceof a fine calcium hydroxide (CH) phase
intermixedwith C–S–H [19]. This makesit necessaryto de-
terminethe fine andcoarseCH structureat lengthscalesfrom
nanometersto tensof micrometersso that the C–S–H canbe
unambiguouslycharacterized. SANSstudiescanaddressthese
issuesin two ways.The strongisotopeeffect in neutronscat-
tering enablesmuch informationto be gainedfrom H2O/D2O
contrastvariation studies.The recentdevelopmentof practical
ultra-SANS (USANS) instrument configurations providesac-
cessup into the10-μm scaleregime[20–22].

The quantitative microstructure analysis of C–S–H gel by
SAS methods is of particular interest, especially when the
resultsare compared with thoseof quasielastic neutron scat-
tering (QENS)which can measure the differentstatesof free
andboundwater(e.g.,[23–25]), andinelasticneutronscattering
(INS), which can measure the total amount of CH formation
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[26]. SASdatafrom cement exhibit characteristichallmarks of
theC–S–H microstructure from which a pictureof theC–S–H
gel morphologycanbediscerned.

2. Small-anglescatteringand the differencebetweenSANS
and SAXS

Fig.1 showsaschematic of aSANSexperimentasfoundata
reactor-basedneutron sourcewhere a rotating velocity selector
providesanincidentneutronbeamthatis monochromaticwith-
in a neutronwavelengthbandof some10% to 15% arounda
selected wavelength value. For a pulsed neutron sourceall
wavelengthsareutilized and differentwavelengthcomponents
areselectedduring the analysis by time-of-flight methods. In
eithercase,the small-angle scattering intensitydataare mea-
suredon a 2D position-sensitive detector. Thegeometricangle
of scatter betweenthe incidentandscatteredbeam,2θ, is con-
verted into a scattering vector of magnitude, Q=(4π/λ)sinθ),
whereλ is theneutronor X-raywavelength andthedirectionof
Q is as defined below. In general,the scattering from fine
microstructurefeaturesoccursat relatively large scatteringan-
glesor Q values; that from coarsefeaturesoccursat smallQ.

Fig. 2 presents typical SANS datafor a hydrating Portland
cement. Theintensitydatashownarenormalizedto theincident
beamintensity and correctedfor both sampleabsorptionand
otherbackgroundscatteringeffects(including a significantflat
background subtraction at high Q for both SAXS andSANS),
and have been circularly-averaged about the incident beam
direction. Theresult, calledthescatteringcross-section,dΣ/dΩ,
is amaterialproperty(for X-rayor neutronscattering)andis the
probability perunit sample volumeof scattering into unit solid
angleaboutadirection correspondingto thescatteringvector,Q
[10,18]. The direction of Q bisects the incident and scattered
beamdirections and, for small scattering angles,is approxi-
matelyin theplaneof thesample(Fig.1) aswell asin thatof the
incident and scatteredbeams.On a log–log plot of dΣ/dΩ
versusQ thegeneralshapeof thescatteringcurvefrom a given
microstructureis similarfor SAXSandSANS.However, SAXS
valuesof dΣ/dΩ aresignificantly largerthanfor SANS.SAXS
arisesdue to X-ray photon scattering from whole atoms (or
ensemblesof atoms) andthescatteredintensity varieswith the
squareof the electron number density; SANS arisesdue to
neutron scattering from the atomic nuclei and the scattered
intensity fluctuatesthrough theperiodictablewith somestrong
isotopeeffects.In particular, theSANSfrom hydrogen or H2O

is significantly differentto that from deuterium or D2O (heavy
water) [11]. The neutron scattering contrast for hydrating ce-
mentcanbevaried by changingthehydrogen/deuteriumratio in
the pore water, or other pore fluid. Frequently, the scattered
intensitiesare simply referred to as I(Q) but for quantitative
comparisons betweendifferent experiments,it is essentialto
establishthattheI(Q) datameetthedefinitionrequirementsfor
dΣ/dΩ. Due to the extended Q and intensityrangesinvolved,
log–log plots of I(Q) versusQ exhibit rather subtlechanges
for differentcement microstructures,andit is convenientto plot
I(Q) ! Q4 versusQ on a log–log scalefor evaluating micro-
structuredifferences[15], as shownlater.

3. Analysis of SANS data

Many microstructure modelsare now available [27], from
useof the Guinier approximation for particulate systemsto a
full size distribution analysis of coherently ordered micro-
structures [18], or the characterization of fractal morphologies
[4]. Generally, an inverserelationshipexists betweenQ and
scattering size. Typically, the data are analyzed to provide a
quantitative measure of a model microstructure basedon an
interpretationestablishedfrom microscopy. Occasionally, hall-
marksappearin the data,associatedwith particular morphol-
ogies.Theseincludepeakswheninterferenceeffectsoccurin an
orderedor periodic microstructure, Q−1 scattering for long
capillaries,or Q−2 scatteringfor sheetsor membranes[18].

3.1. Fractal versusother microstructuresfor C–S–H gel

It must be statedthat the Q−2 scattering that would be
indicative of a possiblesheet-like C–S–H structure, proposed
elsewhere (e.g., [19]), hasnot beenobserved for cement sys-
tems,exceptwhere extensiveleaching hasreducedthe overall
Ca/Siratio to lessthan1.5 [15]. This doesnot precludea sheet
structurefor C–S–H at thenanometerscaleif this is foldedup
within theobservedC–S–H microstructure,but it doespreclude
a sheet-like morphology on a more extensivelength scale.
Instead,asFig. 2 indicates,thedatacanbe interpretedusinga
combination of surface-fractal and mass- or volume-fractalFig. 1. Schematicof a typical reactor-basedSANSinstrument.

Fig. 2. TypicalSANSdatafor cementpastetogetherwith a fractalmodelfit, as
discussedin the text. Major hallmarks are indicated together with their
associatedmicrostructure features.The dashedlines have the Q power law
exponentsindicatedfor thedifferentQ regimes.
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components, together with a building block globule size of
diameter 5 nm or less[4,5]. Mass-fractal structures are char-
acterized by non-integral power law Q−DV scattering where
(usually) 2bDVb3; surface-fractalstructuresarecharacterized
by non-integralpower law Q− (6−DS) scatteringwhere2bDSb3
sothatthescattering exponentis between3 and4. Our general
interpretation of the datain Fig. 2 is that the gel globulesand
volume-fractalstructure comprise the C–S–H low-densityor
outer-productstructurein hydratingcement, and that the sur-
face-fractalstructureariseswherethis decoratesclinker grains
or othercoarsefeatures.[As canbe inferredfrom Fig. 2, both
DV andDS arefrequently closeto 2.4, suggesting that a com-
mon structureunderlies both fractal morphologies.] A quanti-
tativemodelcandeterminenot only the fractalexponents, DV

andDS, but alsoC–S–H volumefractions, surface areas,and
the correlation lengthsthat define the size regimes for fractal
scaling [10]. In recent years, this fractal interpretation has
provenusefulfor following cement hydration in real time, for
exploring theeffectsof cement additives(e.g.,silicafume),and
for assessing the microstructure effects of leaching [4–17].
However, an absolute determination of the microstructure
parametersdependsnot only on absolute calibration of the
SANS or SAXS data(i.e. dΣ/dΩ) but alsoon accurate knowl-
edgeof the scattering contrastfor C–S–H gel. This issue re-
mainsachallengedueto theuncertainnatureof C–S–H, and is
a subject of ongoing researchby the authors. SANS contrast
variation studiesarecentral to suchefforts.

3.2. Scattering invariant

In principle,scatteringtheory providesamethodtocircumvent
uncertainties in the C–S–H scattering contrast [18], through
application of the scattering invariant, QINVARIANT, given by:

QINVARIANT ! 2p2UT 1−UT" #jDqj2 !
Z l

0
Q2 dR

dX
Q" #dQ "1#

whereΦT is either the solid volumefraction or the porosity and
|Δρ|2 is the scattering contrast between the voids and the solid
phase.Independent knowledgeof thecement porosity, set toΦTor
(1−ΦT) affords a value of |Δρ|2 if the Q2-weighted SANS or
SAXS data are integrated across the Q-rangeasindicated in Eq.
(1).Thisapproachwastaken in early SAXSstudiesof cement[1].
However, Fig.3 indicateslimitationsin this method. Theintegral
must be taken over all Q, not just the Q-range measured. This
implies that an extrapolation must bemadeboth to Q=0 and to
Q=∞ (or at least, Q=4π/λ). Fig. 3 shows how significant parts
of the integral fall outside of the measured Q-range. If this is
ignored QINVARIANT can be underestimated, leading to a spu-
riously high specific surfaceareadetermination if derived froma
comparison of Eq. (1) with that for the Porod scattering:

dR
dX
QYl

!
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where ST is the surface area per unit sample volume. (The
unknown |Δρ|2 cancels out in the comparison.) Difficulties in

making the data extrapolation arise from uncertainty in the high
valuesof dΣ/dΩ atlow Q, and in theflat background subtraction
at high Q (note data are Q2-weighted in the integral). Thus,
absolute determination of dΣ/dΩ and |Δρ|2 for both SANS and
SAXSis generally preferred overthescattering invariant method
for investigationsof hydrating cement.

3.3. USAXS and USANSextendthe microstructure sizerange

Ultrasmall-angle scattering (USAXS and USANS) instru-
mentsapplycrystal diffractionopticsto obtainSAXSor SANS
datato much lower Q valuesthan can be obtainedusing the
conventional geometry shown in Fig. 1 [20–22]. USANS
extends the rangeto particularly low Q (3! 10−5 • −1). This
enables microstructurecharacterization to beextendedto larger
featuresizes:to beyond1 μm for USAXS, and to more than
10 μm for USANS, — provided the sample can be made
sufficiently thin to avoid significant multiple scattering. For
cement systems, we havefound an ideal coupon thicknessof
0.4mm–0.5mmfor SANS,SAXS,USANSor USAXS, despite
the differentscatteringgeometries,wavelengthsandscattering
contraststhat apply. By combining SANS and USANS for
differentH/D blendsin theporefluid it ispossible,in principle,
to discern the microstructure of the CH component within
cement. This is becausethe formula and density for CH are
well-known, the OH groupsdo not exchangeto becomeOD,
anda contrastmatchpoint occurswith the pore waterat 32%
D2O. Thus,with theseadvances,theCH SANScomponentcan
becharacterizedoversufficientlength scaleto encompassboth
micrometer-scaleCH crystals and fine nanoscale CH. By
subtracting out theCH SANS component,it is anticipatedthat
theSANSassociatedwith C–S–H will beinvestigatedin future
SASstudiesover acontiguousscalerangefrom 1 nm to 10 μm.

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

Fig. 3. Measuredand extrapolated integrandfor scatteringinvariant with
wavelength0.8 nm (maximum Q=15.7nm−1 or 1.57• −1).
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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 thebonding within C–S–H, aswell ason
the total CH formation, including nanoscale CH embedded in
C–S–H [26]. Thiscontrastswith neutron and X-ray diffraction
methods that measure the micrometer scale crystalline CH
formation. QENSmeasurementscan also quantify thechanges
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 comparisonof thetimedependencesof thecement internal
surfaceareadeducedfrom theSANSPorodscattering(Fig.4a),
theboundwaterfraction(index)measuredby QENS(Fig. 4b),
andtheheatoutputof thecement hydration reactionsmeasured
by thermalcalorimetry (Fig. 4a), is illuminating. As with cor-
responding INS data(not shown), theQENStime dependence
closely follows thehydrationreaction heatoutput. This is to be
expected given that both INS and QENS measure changes
associateddirectly with hydrationchemistry. However, while
the microstructure changesmeasuredby SANS or SAXS (in-
creasingsurface areaand fractal microstructuredevelopment)
follow the reactionchemistry through the time of the main
hydration peak, this does not continueover more extended
periods.Themeasurablemicrostructurechangesin subtleways
after the first 24 h, but the denseor inner-productC–S–H
morphologyproduced fromcontinued hydration is notvisibleto
SANS or SAXS. This point distinguishesSAS methodsfrom
theotherneutronandX-ray techniques,aswell asmethodslike
nuclear magnetic resonance (NMR) [28], which essentially
measure the time dependence of the overall cement chemistry.
By contrast,SANSor SAXSfollow thedevelopmentof theless
denseor outer-productC–S–H morphology betweenthe orig-
inal clinker grains. It is this microstructural component that
provideshydratedcement both with its strength and with its
available (active) surface area for fluid sorption or foreign
speciesadsorption throughoutthecement servicelifetime.This
selectivity is an exploitable advantage of SAS methods in
advancedcement research.

5. Effects of CaCl2 and sucroseon the hydrated cement
microstructure

A useful application of SANS to cementpasteis to in-
vestigatethemicrostructuredifferences thatresultfrom theuse
of variousmineralandchemicaladditives. Here we discussthe
effectsof calciumchloride,ahydrationaccelerator, andsucrose
(tablesugar), a hydrationretarder, on thehydratedmicrostruc-
tureof ordinaryPortlandcement (OPC)paste. Themechanisms
by which theseadditives affect the kinetics are not fully un-
derstood(seediscussion in [29]). Acceleration by CaCl2 is
likely related to an increasedrate of precipitation and floc-

culationof C–S–H from solution, while sucroseis believedto
adsorbonto calcium-containing hydration products, inhibiting
furthergrowth.Vollet andCraievich[17] previouslyusedSAXS
to studytheeffectsof sugarandCaCl2 on thehydrationkinetics
of pureC3S, by usingthechangein thescatteredintensity at a
fixed Q value to monitor the developmentof nanoporoushy-
drationproduct.Whereasthatstudydrewconclusionsaboutthe
nanostructureof theearlyhydration productfrom ananalysisof
thekinetics, thepresentstudyusestheI(Q) datafrom SANSto
compare,directly, themicrostructuresof well-hydratedpastes.

Fig. 4. Time dependence during cementhydration of: (a) SANS-measured
surfaceareaandreactionheatoutput[12], and(b)QENS-measuredboundwater
fraction[23].
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TheCaCl2 wasaddedin theamountof 2% massOPC,and
acceleratedandcontrol pasteswith water-to-cementmassratio
(w/c)=0.4 were hydrated for 28 daysat 20 ¡C undersaturated
conditions. As determined from thermalcalorimetry, the 2%
additionof CaCl2 reducedthe time required to reachthemax-
imum hydration ratefrom about10 h to 3 h, indicatingthatthe
early hydration kinetics are acceleratedby a factor of about
three. However, theadditionof CaCl2 doesnotaffectthedegree
of hydrationof the pasteat agesgreater thana few days[29].
The sucrose was added in the amount of 1% massOPC.
Addition of sucrosesignificantly delaysthe startof hydration,
so that the dormantinduction period is increasedfrom a few
hoursto several daysor even weeks[30]. Oncehydration starts,
the hydration process proceeds at a normal or even slightly
acceleratedrate.To ensurethattheinduction period endedwell
beforetheageof 28days,thesugar-retardedpastewashydrated
at 40 ¡C, as was an un-retardedcontrol paste. Garci and
Jennings [30] found that after28 daysat 40 ¡C the degreeof
hydration of the sugar-retardedpastewasslightly higher than
thatof thecontrol.

Fig. 5 showstheSANSdatafor thepastes describedabove,
each cut into coupons0.4 mm thick to avoid the multiple
scattering effects sometimesobservedfor thickersamples[22].
Data were obtained using the NIST/NSF 30 m SANS at the
NIST Centerfor NeutronResearch.Addition of CaCl2 resultsin
significantchangesto theSANSdata.TheintensityathigherQ
valuesis increased,indicatingmorevolume-fractalscattering,
while theintensity at lowerQ valuesis decreased,suchthatthe
surface-fractalregimeis apparent only at the lowestQ values
sampled. This is consistentwith the formation of a greater
amount of fine (nanoscale)C–S–H gel hydration productthat
fills the (micrometer-size) capillary pore space,leaving rel-
atively little room for a distinguishable surface-fractalinterfa-
cial morphology on the capillary-pore walls. By comparison,
theaddition of sucrosegeneratesrelatively minor changesto the
SANS data,the only apparent differencebeing a modest de-
creasein thesurface-fractal componentin thescattering.

Table 1 lists somemicrostructure parametersobtainedby
fitting modelsto thedatashown in Fig.5. Thetotalsurfacearea,
ST, was obtained from the Porodscattering at the highestQ
valuesusing Eq. (2). The other parameterswereobtained by
applyingthefractalmodeldiscussedearlier [4,5,10]. Wefollow
thefractal modelinterpretationandcontrastassumptionsof our
recentpreviouswork [15], which doesnot takeaccountof the
ongoing work to distinguish betweenthe fine CH and C–S–H
morphologies mentioned above.However, it sufficesfor the
microstructurecomparisonsmadeherebetweenacceleratedand
retardedcement systems. In Table 1, the parameteraS is the
fitted sphere-equivalentparticlediameterof the basicvolume-
fractalbuildingblocks,andη is thefitted localpacking fraction
of theseparticles. ParameterϕCSH is the fitted volumefraction
of solid C–S–H gel in thepasteaccessibleto SANS,which,as
discussedearlier, includesonly thelow-density “outerproduct”
form of C–S–H. Finally, DV is the fit ted volume-fractal
exponent.

From Table 1 it can be seenthat the surface areasof the
control and sucrose-retardedpastes are similar, while that of
the CaCl2 accelerated pasteis some30% higher. A similar
trendis observed in the C–S–H volume fraction,so it canbe
concludedthatCaCl2 increasestheamountof observable low-
densityC–S–H. This is in agreementwith theresults of Vollet
andCraievich[17], whofoundthatthedegreeof hydrationatthe
end of the early rapid hydration period (associated with
formation of fine hydration product) is significantly increased
by CaCl2, and slightly reducedby sugar. It canbeinferredthat,
sincethedegreeof hydration is not increased,CaCl2 decreases
the amount of high-densityC–S–H. The resultsare in good
agreementwith the observation that CaCl2 acceleratedpastes
undergomoredryingshrinkage,asthelow density C–S–H gelis
theprimaryshrinking phase.In all pastestheparticle diameter,
aS, is essentiallyconstant, and the variations in η andDV are
relativelysmall,indicating thatthenanoscale C–S–H gel mor-
phology is not significantly affectedby theadditives.

6. Conclusionsand issues for further consideration

In this paperwe haveindicatedhow recentdevelopments in
SAXS,SANS,INS, andQENSmethodsfor studying hydrating
cement systemscan be usedto elucidatethemorphology of the
C–S–H gel overan extended length scale.A number of ques-
tionscannow bemadethesubject of furtherinvestigation:How

Table1
Microstructureparameters derivedfrom fractal model fits to the SANS data
shownin Fig. 5

Control
(20 ¡C)

2% CaCl2
(20 ¡C)

Control
(40 ¡C)

1% sucrose
(40 ¡C)

ST (m2/cm3) 96 (5) 133 (7) 101(5) 98 (5)
aS (nm) 4.15(12) 4.05(12) 4.06(12) 4.15(12)
ϕCSH 0.109(6) 0.150(8) 0.129(6) 0.099(5)
η 0.575(17) 0.586(17) 0.614(18) 0.564(17)
DV 2.61(5) 2.60(5) 2.58(5) 2.54(5)

Thenumbersin parenthesesareestimatedstandarddeviationsin leastsignificant
digits.

Fig. 5. SANSdatafor OPCpasteshydratedwith andwithoutadditives,plotted
asI(Q)! Q4 versusQ. All pastesweremixedatw/c=0.4andcuredfor 28days.
(a) Addition of 2% CaCl2 (pastescuredat 20 ¡C). (b) Addition of 1% sucrose
(pastescuredat 40 ¡C).
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is theC–S–H globule/fractalpictureof C–S–H associatedwith
SAXS andSANS to be reconciled with the various otherpar-
ticulateandsheetmorphologiesassociatedwith characterization
methodssuchaselectronmicroscopy [19]?Whatis thedenseor
inner productmorphology of C–S–H and why is it virtually
invisible to SAXS or SANS?To what extentandunderwhat
conditions caninner productandouterproductC–S–H trans-
form betweeneachother?Ourknowledgeandunderstandingof
cements andC–S–H gel arenow sufficient that it is timely to
consider how such questions might be answered in future
studies.

Wehavealsoillustratedtheapplicationof SANSto quantify
theeffectsof anaccelerator(CaCl2) anda retarder(sucrose)on
thehydratedmicrostructure.Theuseof CaCl2 did notaffectthe
nanometer-scalevolume fractal structureof theC–S–H gel, as
determined from the building-block particle size and fractal
exponent, but did significantly increaseboth the total internal
surfaceareaand thevolume fraction of thespecimenoccupied
by low-densityC–S–H visible to SANS. The latter observa-
tions are in agreementwith the known tendencyfor CaCl2 to
increasedrying shrinkage.For thecuring conditionsusedhere,
sucrose hadno measurable effecton thematuremicrostructure
despite its strongretarding properties.
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