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Abstract

Multi-technique characterisation of sodium carbo@aterated blast furnacsdag binders was
conducted in order to determine the influence of the carbonate gooupg structurabnd
chemicalevolution of thesenaterials At early age <4 days) there is a preferential reaction of
Ca&* with the CQ? from the activatarforming alcium carbonates and gaylussitdiile the
aluminosilicate component of the slag reacts separately with the sodium frontitheoato

form zeolite NaA. These phases do not give the high degree of cohesion necessary for
development of high earlyechantal strength, and the reaction is relatively gradual due to the
slow dissolution of the slag under the moderate pH conditions introduced by ABE:N#s
activator Once theCOz? is exhaustegthe activation reaction proceeds in similar way to an
NaOHactivated slagoinder forming thetypical binderphases calcium aluminium silicate
hydrate and hydrotalcit@long with Ceheulandite as a further (Ca,Alch product.This is
consistent with a significant gain compressive strength and reduced porosity observed after
3 days of curing. The high mechanical strength and reduced permeability develdipeski
materialsbeyond4 days of curing elucidate that }0s-activated slagandevelop desirable
properties for use abuilding materialsalthough the slow early strength development is likely
to be an issue in some applications. These results suggest that the includdiharfsavhich
could controlthe preferentiatonsumptiorof Ca?* by the CQ? might acceleratéhe reaction
kinetics of NaCQOs-activated slag at early times of curjrgnhancing the use of these materials

in engineering applications.
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Keywords. alkali-activated slag; sodium carbonate:ra§ diffraction; nuclear magnetic

resonance; Xay microtomography.

1. I ntroduction

Alkali-activated binders have been developed for over a century as a means fomgalorisi
industrial wastes and bgyroducts, and to produce Portland clinker free cesilemtmaterials

to mitigate the environmental footprint associated with Portland cement mamefds 2].

The production of alkalactivated binder offersa reduced embodied energy and significantly
lower release of pollutant gaseben compared witRortland cement, and these materials can
devel@ comparable mechanical strength and performainaa properlyformulatedand cured

[3, 4]. The need to develdpw-cost and lowenvironmental footprint alkali activated materials
has motivated the identification and adoption of alkaline activators that can prdmote
development of high mechanical strength and reduced permeability in the binder, ane achie
alkalinities comparable to those in Portland cement based materials, so that the metallic
component of structural corete is noexcessively corrodeduring the service life.

Themicrostructureand therefore the performanoéalkali-activated slagnaterialds strongly
dependent on factors suchthe chemistry and mindoayy of the slag precursor, the type and
concentration of the alka#ictivator and the curing conditiofis-10]. The commonly used
activators for the production of activated slag binders are sodium hydroxide (Na@idjns
silicates (NaO'rSiOy), sodium carbonate (NaOs) and sodium state (NaSQu) [6, 9, 11, 12]

It is well known that he efiectivenesf the activator idased on its ability to generate an
elevatedpH, as this controls the initial dissolution of the prgsor and the consequent

condensation reaction to form the reaction products [13-15].

A high pH is expected to favour the stidution ofthe slag to fornstrengthgiving phases such
ascalcium aluminium silicate hydra{€-A-S-H) type gelg16]. However, pH is not the only
factor controlling the mechanism of reaction takplace when activating slag. It has been
observed [17, 18fhat usinga sodium silicate activator, which hadaaver pH than sodium
hydroxide solutionsvhen dosé with equivalent NgO content promoteghe development of
binders vith higher mechanical strengfhhis isaconsequence of the additional silicate species
that it provides to the systemnd the interparticle electrostatic forces governing the formation

of the binder when using this activatfit9]. This indicates that the functional group
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accompanying the alkaline activator is playing an important role in the activatidranis

of these materials.

Sodium carbonate activation of blast furnace slag has been applredffarcenturyn Easter
Europe [20, 2]1]as a lower cost and more envinoentally friendly alternative tthe widely
usedactivatorssodium hydroxideor sodiumsilicate used for production of activated slag
products [22, 23]More recent work oiNaCOs-slagfine limestone concretes showed very
good early strength development, and calcdlgtetential Greenhouse emissieavings as
high as 97% compared to Portland cenj2at26]. Theuse of this activatdorms binaers with
reducedpH compared withmaterialsproduced with NaOH and Ma-rSiO; [27]. This is
especially attractive for specializedpdipations such as the immobdigon of nuclear wastes
containing reactivenetalswhich corrode at high pl27]. However, the understanding of the
structural development of carbonaetivated slag is very limited, as carborattivated
binders have attracted less attenticamntlother activatedlag systembecause of the delayed
hardening\hich can takeip to 5 days some systemsndslowerstrength developmeifi28-
30], when compared witbther alkaliactivatedslag binders.

It has been identifief26, 29] that at early times of reaction of pOs-activated slags form
calcium andnixedsodiumealcium carbonateas aconsequence of the interaction of thes€O
from the activator with the G&from the dissolved slag; howevengertimes of curingavour
theformation of GA-S-H type ge$. Xu et al.[21] evaluatedaged slag activated with Ba0O3
and NaCOs/NaOH blendsandidentified agzhe main reaction product a highly crossletkG
A-S-H type phase witareduced content of Ca in tbater productalongwith an inner product
involving carbonate anions. Formation of-Na mixed carbonatesvasnot detected in aged
NaCOs-activated slag concretewhich differs fromwhat has beerdentified in young(28-

day)samples where gaylussiteoften observed [26, 31].

It has been proposd@1] that in NaCQOs activated slag binders the activation reaction takes
place through a cyclic hydration process where theCRa supplies a buffered alkaline
environment where the level of GDavailable in the system is nm@ined by the continual
dissolution of CaC®in equilibrium with the pore solutiomgleasing C& to react with the
dissolved silicate from the slag to forraS2H type products. However, there is getdetailed
evidence of how this mechanism midiig established and then proceed over the first months

of reaction in NaCOzs-activated slags.
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In this study the structural evolution of sodium carbonate activated slag [zasEsssed
through Xray diffraction,2°Si and?’Al MAS NMR spectroscopgnd X-ray microtomography
Isothermal calorimetrpf fresh pastes also conducted in order to determine the kinetic of
reaction of sodium carbonate pastes. Compressive strength values of mortssocaling to

the pastes produced for the structural study are reported in orddevielop a better
understandingf the relationshibetween the structural characteristics of these binders and
their mechanical strength development.

2. Experimental program

21. Materialsand sample preparation

As primary raw material a granulated blast furnace slag (GBFS) wassupgted by Zeobond
Pty Ltd., Australia, withoxide compositioras shown irifable 1 Its specific gravity is 2800
kg/m® and Blaine fineness19+10 nf/kg. The particle size range, determined throlagier
granulometry, was 0.1-74m, with a do of 15um.

Table 1. Composition of GBFS used. LOI is loss on ignition at 1000°C

Component (mass % as oxid GBFS
SiOz 33.8
Al203 13.7
FeOs 0.4
CaO 42.6
MgO 5.3
NaeO 0.1
K20 0.4
Others 1.9
LOI 1.8

Commercial edium carbonatéSigmaAldrich) wasdissolved in the mix watemtil complete
dissolution was reachedhe assessmertf structural evolution was conducted praste
specimens formulated withveater/binder ratio of 0.40 and an activade.CQOs) content of 8
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wt.% rdative tothe amount oklagfor strength development, NMR, XRD and calorimetry
analysis, and 7 wt.% for microtomograpil paste specimengere cured in sealexntrifuge
tubesat 23°C until testingMortar cubes, 50 mm in size, were used for compressive strength
testing; these were formuét with a sand:binder ratio of 2:75, and a binder formulation

matching the paste specimens.

Isothermal calorimetry experiments were conddaisinga TAM Air isothermal calorimeter,
at a base temperature of 250.02C. Fresh paste was mixexternally weighed into an
ampoule, and immediately placed in the calorimeter, antigheflow was recorded for the

first 140h of reaction. All values of heat release rate are normalised by total weighteof pas

2.2. Testsconducted on hardened specimens
The hardened paste specimens were analysedafieds of up to 45 days of curing through:

e Compressive strength testing, using an ELE International Universal,Tasteloading
rate of1.0 kN/s for the 50 mm mortar cubes.

e X-ray diffraction (XRD) using a BrukeiD8 Advance instrument with Cu Ka radiation
and a nickel filter. The tests were conducted with a step size of 000204,260 range of
50 to 70°.

e Magic angle spinning nuclear magnetic resonance (MAS NMR) spectrogespyAS
NMR spectraverecollectedat 119.1 MHz on a Varian INOVA&O0O0 (14.1 T) spectrometer
using a probe for 4 mm o.d. zirconia rotors and a spinning speed of 10.0 kH2SiThe
MAS experiments employed a pulse width of 6 us, a relaxation delay of 60 s and 4300
6500 scans. Solidtate’’Al MAS NMR spectra were acquired at 156.3 MHz on the same
instrument, with a pulse width of 6 us, a relaxation delay of 2 s. All the spectra were
collected with a pulse angle of 53#%Si and?’Al chemical shifts are referenced to external
samples of tetrantieylsilane (TMS) and a 1.0 M aqueous solution of Al&H-0,
respectively.

e Samplescured for up tal5 days and-1 mm in size were analysed using beamlisi&\2
at the Advanced Photon Source, Argonne National Laborgg@tyReactions were halted
after the specified curing duration by immersion of the samples in acetone stmig,te
and analytical specimens were g¢akfrom the part of the sample close to the interface

between solid material and acetone to ensure that the reaction had been halteg promptl
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the sections use for testing. Measurements were carried out using-teyégyhchrotron
radiation (22.5 keV)n a parallebeam configuration, with 0.12° rotation per step (1501
steps in a 180° rotation) and 0.4 s exposure time per step. Samples were mounted in small
polymeric cones to enable alignment; sample size and shape were somewhat irasgul
the samplesgvere obtained by fracturing larger monoliths, but all samples fitted within the
field of view in the horizontal plane of the detectofray detection was achieved with a
scintillator and CCD camera, capturir@48x2048 pixels. Tomographic data were
recorstructed using an thouse developed reconstruction algorithm, including recentring
following visual inspection to ensure optimal reconstructiossg a voxel size of 0.75
um (corresponding to the detector resolution).The segmentation, pore connectivigd
tortuosity calculatios on volume of interest (VOI) regions of at least 400 pixeksre
performed following the protocol described in [33].

3. Reaultsand discussion

3.1. Compressive strength
The ompressive strength of sodium carbonate activated slag mortars could not bengetermi
at 1 day because the material was still sdfftowever, after 4 days the mortagaineda
compressive strength ofMPa (Figure 1)followed by a substantial rise in the subsequent 3
days to reach 31 MPRa&ter 7 days of curingrhis compressive strength gain indiesthat the
initial mechanism of reaction in sodium carbonate activated slag bindesslesading tahe
formation of strengtlgiving phases during the $irdays of curing, and consequenthe
samples are not developing a measurable compressive stulengtithis time Subsequently,
there isan increase in the formation of strengiking phases from 4 to 7 days, with an
associated jump in strengthfter this, there is an ongoing graduatreasen the compressive

strength with extended curing (up to 44 MPa at 56 days).
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Figure 1. Compressive strength of sodium carboretvated slag binders agumction of

the time of curing

3.2. Isothermal calorimetry
The heat release curves of the sodium carbonate activated slag are shown 2. Figere is
an initial preinduction periog associated with the partial dissolution of the slag particies,
the first 48h, followed by an extended induction perie®2 h)where littleheat evolutions
taking placeThis is consistent with théact thathardenings observedo take place slowly
during thefirst 4 days of curingn these sample€xtended induction periods in sodium
carbonate activated slag bindervédnalso been observed by Fernandemenez et al[34];
however, in that study the precipitation of reaction products was obsaavad acceleration
in heat releasé hoursafter mixing, rather than after several days here. The differences in the
results between studies can be mainly attributed to the differences in thetcheiihe slag
(mainly the MgO content), as the specific surface and amorphous cohtkatmaterial used
in that workseem to be similar to the slag used in the present stheyMgO content of slag
has recently been identified to play a key role in defining the nature of tti@ngaroducts in
alkali-activated slag bindef85], and this is the main identifiable differenoetween the two

binder systems.
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207 Figure 2. (A) Heat release rate and (8)mulative heat release of sodium carbonate-
208 activated slag binders

209

210 After the induction period, a high intensity heat evolution processgesponding to the
211 processegenerallydescribed as the acceleoat and deceleration periods sementitious
212 binders (~11@20 h) is identified. Thipeakcorresponds to the precipitationafluminous
213 reaction products in the bindegleasinga significant heat of reactiomn this case the heat
214 releaseseems to be occurring in two consecutive stag®$wo clear maximum heat release
215 peaks are observed in Figure 2A. The occurramzetimingof the accelationdeceleration
216 period agreewell with the increasein compressive strength observed in these specimens
217 (Figure 1) at similartime of curing, onfirming that the formation of the bulk binding phases
218 responsible for botlstrengthand heat outpuis not taking place during the first 3 days of
219 reaction This is to a significant extent consistent with the very moderate initial pH ¢ the
220 binders, ast takes time for the pH to increase to the point where the slag will start to react
221 rapidly to form these binding phases.

222

223 These results different fromdke identified in sodium silicate activation of this sastesy[35],

224 and in other systems with comparable slag chen{it8)y where the prenduction perod was
225 observed during the first hours of reaction, followed by short induction perddsh(in
226 metasilicate activated slags with MgO contents lower thah% [35]). However, ithas been
227 noted [36] thatin sodiummetasilicateactivaion of slags with reduced alumina (11.9.%)
228 contentthe induction periodvas as long a8 days. This elucidates that delayed precipitation
229 of reaction products is not an exclusive effect of the nature of the alkaline @ctiuat also
230 relates tdhe chemical and mineralogical composition of the slag used.

231
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3.3. X-ray diffraction

The evolution of crystalline phases forming smsodium carbonate activated slag is shown in
Figure 3. In samplesured foroneday themain crystalline compoundsrming are thehree
polymorphs of calcium carbonate (Cag)xalcite(powder diffraction file, PDF @05-0586)
vaterite (PDF #002-0261)and aragonitd PDF #4-013-9616) along with the double salt
gaylussite (NgCa(CQ)2-5H0, PDF #0240343) and zeolitdNaA (Nai2Al12Si12048- 18H0,
PDF#39-022). Formation ofcalcium carbonaten variouspolymorphs, andjaylussite has
been identified in carbonated alkaktivated slag bindef37, 38] The identification of similar
reaction products in the carbonaetivated bindesuggests that there @&spreferential early
age reaction between dissol@@s* present in the pore solution athe Ca#* releasedy the
partial dissolution of the siaThe consumption of Gaby CO:> thenleads to a saturation of
Si and Al speciesvith respect to aluminosilicate type produstgh as zeolit®NaA in the

NaOHrich pore solutiorfrom the very earliest stages of the reaction process

Cs-C-S-H HT - hydrotalcite  Z - zeolite-A  He - heulandite
V- vaterite A - aragonite Ga - gaylussite T - thermonatrite

C
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Figure 3. X-ray diffractograms o$odium carbonataetivated slag binders agumction of

the time of curingas shown.

After 7 days of curingthe intensies of thezeolite NaA andjaylussie peaks have decreased;
these phasesare almost fully consumed by 45 days. Instead, t@acontaining zeolite
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heulandite §pproximatelyCaAlSizO18-nH20, n = 3.5 to 6 PDF#025-0144 or 024-076%)nd

a calcium aluminium silicate hydraf€-A-S-H) (resembling a disorderedl-substitutedorm

of tobermoritel1A, CaSisO1s-5H20, PDF #0451480), and a layered double hydroxide with

a hydrotalcite type structure (M&2CO3(OH)ie-4HO, PDF# 014-0191),are observed
Heulandite has beddentified asasecondary reaction product in preparation of synthetic C
A-S-H phases with 30% silicon replacement by aluminj88j and in aged (years)silicate
activated slag binderl0], while GA-S-H productsalong with hydrotalciteare the main
reaction products forming in alkedictivated slags produced with either NaOH osNeSIO;

[18, 31, 37, 41]The formation of these reaction products indicates that once #tesd@plied

by the alkaline activator iargelyconsumed in the formation of carbonate compounds, which
is likely to be the casafter a few day®f reaction the mechanism of reaction of sodium
carbonate activated skgroceeds in the same wasin sodium hydroxidectivatedor sodium
silicateactivated systemg&.his is in good agreement with the rise in the mechanical strength

identified in these samples at thiwe.

Traces of thermonatrite (N@Os- H.O) areidentified in all samples after 28 moredays of
curing, which suggest that this is not simply a dried remofttie remnant activator in the
pore solution, as it is not observed in ffeeinger samplednstead, thermonatrite is likelp

bea product derived from the carbonation of the pore soluimng exposure to ambient air

for XRD analysis, ag hasalsobeen identified in carbonated metasilicatgivated slagg35,

37, 42]. Significant increasein the intensies of the reflections assigned teeulandite,
hydrotalcite and €A-S-H are observed at advanced times of curing; however, it seems that
after 180 days, the systems is mainly dominated by hydrotalcite -#a&-€&, with traces of
sodium and calcium carbonate compoufgksylussite appears to have been converted entirely
to more stable product®An extended period of formation of these reaction products is

controlling the ongoing compressive strength gain observed in these l{iAders 1)

3.4. Nuclear M agnetic Resonance
The?°Si MAS NMR spectra of the antyous slag and sodiucarbonateactivated binders
(Figure 4A) show little change after 1 day of curing, consistent widtatively slowrate of
reaction of the slag. HoweverJaw intensity peak is observed -83 ppm,consistent with a
Q?(1Al) site characteristic of thal substituted €S-H type phasevhich forms in alkali-
activated slagf35, 37,43], which suggestthat the preferentidbrmation of carbonatds not

completely hindering the formation of this produlet.this spectrum it is also possible to

10
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identify a ioulder at89.5 ppmwhich corresponds to the presence of zeolite N&i), which
becomes less prominent beyond 7 d as the prevalence of thésqatasases. There is no clear
peak due to heulandite observable (in the region around -100 ppm [45]) at longer ages, but the
concentratiorof this phases always low according to XRD also.

Q’(1AI)

N5\ @A)

-50 -60 I -7|0 I -8|0 I -E;O I-1IOO I -1I10 1(IJO I 80 60 40 20 0 -20
Chemical shift (ppm) Chemical shift (ppm)

Figure 4. (A) ?°Si and (B)?’Al MAS NMR spectra obodium carbonatactivated slag
binders as function of the time of curing. HT is hydrotalcite, and the asterigisponds to
Al in Q? sites in the €A-S-H phase

At increased timesf reaction the formation of sites a80 ppm,-83 ppm and-86 ppm,
corresponding tahe Q', Q*(1Al) and & species inC-A-S-H products[46, 47] becomes
increasingly clearA higher intensity of these sites is observed viiitreasing curindime,
consistent witlthehigher intensity othe GA-S-H phaseeflectionsdentified by XRD (Figure
3), and the increased strength of the binders twetime of curing (Figure 1)Complicating
any quantitative analysis of these spectra is an apparently pasg#dlgtive reaction of the
slag, which means that direct subtraction of an unreacted comgmrarthe spectra which

is a prerequisite for any useful deconvolutiers unfortunately not possible. This partial
selectivity is evident from observation of the region aro&&do-70 ppm in Figure 4A, where
the signal in this regiomorresponds to the highly depolymerised)(Gilicate component
within the slag glass. Because these sites in the slag are able to be reittesddhe need to
break any of the relatively strong-StAl or Si-O-Si network bonds, they are able to be
selectively leachedinder the relatively mild pH conditions prevailing early in the reaction

11
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308 process here. Slag dissolution in alladtivated systems is often assumed to be congjs&nt
309 48-50] and thisis consistent withthe dissolution taking place rapidly under -faom-

310 equilibrium conditionsvhere SiO-(Si,Al) bonds can readily be broken. Howevara more
311 moderate pH and in the presence of carbomdtish is driving the extraction of calcium from
312 the slag glass, the?@ites would logically b prone to preferential releaeis is observed in
313 the spectra in Figure 4A by the fact that the region #@brto-70 ppm decreases significantly
314 in intensity within the first day of reaction. After this time, there is little additionatgdan

315 this part of the spectra, suggesting that the slag dissolution proceeds close tontigngrue
316 beyond this point.

317

318 Three distinctypes ofaluminiumenvironmend, Al(IV ) (52-80 ppm), Al(V) (30-40 ppm) and
319  Al(VI) (0-20 ppm)[51], are identified in albf the2’Al MAS NMR spectra Figure 4B shows
320 sharpening in the tetrahedral Al band after 7 d of cudogpared with the unreactsthg

321 along with the formation of a narrow peak at 74 ppm, whose intensity increakesuvintg

322 time. This band is assigned to the Al(IV) incorporated in bridging tetrabedided to G1Al)

323 sites in the €A-S-H [39, 47]. After 28 days of curingasymmetric broadening of the band at
324 68 ppm is observed, along with the formation of a low intesibyldeat ~58 ppm, consistent
325 with the formation of Adsubstituted tobermorites with low Ca/(Si+Al) rati89]. Small
326 contributions of theeolite heulandite identified by XRD (Figure 3) are expecteaaund 63
327 ppm, [52] and the band at 62 ppm whose intenséggms to be higher at advanced times of
328 curing is consistent with this phag&t extended times of curing, the formation of a narrow
329 peak centred &.7ppm is also observed. This peak corresponds to the hydrotalcite type phases
330 and the increased intensity of this band over the time of curing is consistent WifRDigata

331 (Figure 3)

332

333 3.5. X-ray microtomography (uCT)

334 High resolutionX-ray microtomographyuCT) has been proven to be a suitable technique for
335 the study opore structure and tortuosityatkali-activated binderf33] and in Portland cement
336 materialg§53, 54],via segmentation of the samples intorp and solid regions identify pore
337 geometry and tortuosityThe calculation of theporosity and tortuosity here follows the
338 methodology detailenh [33], and the results for samples of different ages are shown in Figure
339 b.

340
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Figure 5. Segmented porosity and diffusion tortuosifysodium carbonatactivated slag
binders as function of the time of curing. Estimated uncertainty is £3% of the pdrasity

around £0.005 in the porosity fractions plotted here), and £0.5 units in tortuosity.

The porosity valuegFigure § decrease with increasing curing duration, and fall within a
similar range to the values published38] for sodium metasilicatactivated slag binders of
comparable mix design. The porosities at 14 and 45 days in the sodium cadutivated
specimens here aground 10% lower thmathe corresponding data for tsdicateactivated
binders in[33], which were of similar mix designi is likely that the apparent increase in
porosity in the 7day sample (and corresponding drop in tortuosity) actually falls within
experimental uncertainty for the expected monotonic behaviour; there is not a good

microstructural explanation for a temporary increase in porosity at this time.

The diffusion tortuosity values of these specimens are notably higher éhzaliles measured

for silicateactivated slag or slafly ash blends if33]. The highest tortuosity determined in
that study was for the sodium metasilica@%slag binder at 45 days, which had a tortuosity
of 8. The sodium carbonai&ctivated slag binder here exceeds that value by 14 days of age,
andreaches a value of more than 10 by 45 days. This may be important for long ternitgurabil
because diffusion tortuosity defined agheratio of the rate of diffusion c speciesn free
space to its rate of diffusion within the material. This means that the diffastangity can be
interpreted as being related to the resistanceatspaot through the material by diffusive
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mechanisms, and therefore a key factarontrolling the service life of a reinforced concrete
element.

The decrease in porosity and increase in tortuosity as a function of curinprdisaalso
consistent with theesults for slagich alkalractivated binders, where this trend is attributed
to the growth of €SH type binding products which incorporate and chemically bind water.
Such products are formed in the Ré&xs-activated binders after the initial consumptioin
carbonate from the activator has taken place, the dissolved carbonate concesti@ticanid

sothe C&" released by further slag dissolution is free to resitt silicates instead

3.6. Scanning electron microscopy
A backscatteredlectron (BSE)mageof 1-day cured NgCOz activated slag paste (Figure 6A)
shows a highly porouéblack regions)and heterogeneous matrix (main grey region) with
embeddedlarge angular particles (light greyrorresponding to unreacted slag. This
microstructure igonsisent withthe limitedmechanical strength (Figure 1) and high porosity
(Figure 5) identifiecat early ageConversely, after 56 days of curing (Figure 6B),tiagerial
developsa cohesive andelatively homogeneous continuous matrir agreement with the

formation of spacdilling reaction products such asA>S-H type gel, as previously identified

via XRD and NMR spectroscopy (Figures 3 and 4, respectively).

Figure 6. Backscattered electron images of alkali carbcaate/ated slag binders after (&)
day and (B) 56 days of curing
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EDX results for multiple points selected within the binder regions (i.e. exgudireacted
precursor particles) over the time of curing are shown in Figufd&.Ca/Si vs Al/Si plot
showsthat the Alsubstituted €S-H type gel must be intimately intermixed with additional Al
rich products, as the Al/Si ratio v&ry highfor a pure chairstructured CA-S-H type phasge
and is too high to show any notable degree of crosslifk®ig Thisidentification of additional
productsis consistent with the identification of Aich zeolites and hydrotalcHee layered
double hydroxides as secondary phases in these binders. The slope of the Mg/SipietAl/S
gives information regarding theverall composition of the layered doubhgydroxide phase,
which is seen to have an Mg/Al ratio of approximately 2 from these measurentenata
appear tandicate a greater degree of consistency in Ca/Si ratio with increasaed time

(Figure 7A), as the gel is maturing and becoming more homogeneous as the binid@sdeve

®
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Figure 7. Atomic ratics (A) Ca/Si vs Al/Si and (B) Mg/Si vs Al/Si for bulk sodium carbonate

activated kg paste as function otiringduration

3.7. Proposed conceptual description of the chemical mechanism of sodium

carbonate-activation reaction

Based on the analytical results presented in this paper, and consistent with the known

mechanical and chemical evolution of alkedirbonate activated slag binders up to very

extended agd&1], it is now possible to propose a detailed reaction mechanism for this reaction

process. Figur8 describesin a purely conceptuakensethe proposed evolution of the binder
chemistry according to three stages during which the changes in pore fluid chanmgsible

to influence and control the solid phase assemblage which is forming, as follows.
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414

415 Figure 8. Proposedconceptual desiption of the pore solution chemistry within a sodium
416 carbonateactivated slag binder. The stages of the reaction process are described im thetail
417 text; stage A is approximately the first day after mixing, stage B is the perio@ up
418 approximately5 days corresponding to the induction period in isothermal calorimetry, and
419 stage C is the period beyond this, when calcium silibaged binder phases are forming from
420 solution. The concentration axis scale is arbitrary, probably approximat@lyn®l/L but

421 intended as indicative only.

422

423 Stage A (~day 1):

424 - Initial dissolution of slag, with heat release gorduction in calorimetry)
425 - NaCO;s reacts with C# from slag to form gaylussite (Maa(CQ)z- 5H:0)
426 - Siand Al from slag react with Ni@ao form zeolite A (Si/Al= 1.0)

427 - DissolvedOH andSi concentrationgncreasing

428

429 StageB (~days1to5-7):

430 - Induction period in calorimetry, dissolution of slag continuing

431 - Gaylussite converts to CaG@nd releases Na

432 - Zeolite ghase Si/Al ratio seems to increases, with zeolite NaA replacement by
433 heulandite commencing
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434 - Extra Al forms hydrotalcite with Mg from slag

435 - Dissolved OHand Si concentratiorsdill increasing

436

437  Stage C (days 5-7 onwards):

438 - Precipitation of bulk C-A-S-H geheat release in calorimetry

439 - Reduction of C&" concentration in solution, with a slight increase iR'Cas its
440 solubility is no longer limited by saturation with respect to Ca@g@ymorphs),
441 promotes precipitation of C-A-B-instead of CaC&and reduces porosity

442 - Dissolved Siconcentration decreases withA=S-H formation; OH concentration
443 continues to increase and gives a highly alkaline pore solution (essen&@li)Nn
444 the hardened binder, which continues to react with the slag

445 - Mg?* coninues to form hydrotalcite with Al

446 - Zeolite formatiorslows notably after replacement of NaA by heulandite is complete
447

448 This reaction mechanism is therefore able to explain the chemistry of bomaetion in the

449 alkali-activation of slag in a carbonateve@nment. The ongoing release of Ca, Si, Al and Mg
450 from the slag patrticles leads to the progressive reduction in porosity observgarend= The

451 relatively similar Ca/Si ratios between inner and outer products obskyw8dkulich et al.

452 [25] in 20 monthold NaCGOs-slag pastes are also consistent with a mechanism whereby the
453 slag is essentially reacting with an NaOH solutiograater ages, as there is no region which
454 is preferentially enriched with silica, the Mg and some of the Al are baingumed in

455 hydrotalcite formation, and the carbonate has already precipitated as.CaCO

456

457  From this basis, it is possible to draw imptioas regarding the design and optimisation of
458 binders based on alkali carbonaigivated slags. These are the potentially mosteftesttive

459 and environmentallyriendly of all alkaltactivated systems due to the much simpler and less
460 damaging processf @roduction of NaCOs compared to the common industrial routes to
461 NaOH or sodium silicate production. They can generate excellent streregtid aft 28 days

462 of curing, but the setting and hardening reactions of the systems studied hesufficiently

463 rapid for the materials to serve as a practical cementing binder system in gepécaltions.

464 What seems to be required, to accelerate this process, would be a mechanischlpevh
465 carbonate can be removed from solution at early age, leaving the slag to themadéaOH

466 rich environment. There is therefore a need to develop such methods to manipulate the early

467 age pore solution chemistry of these materials, either through the use of solid @r liqui
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additives, to achieve this eafdge binding ofcarbonate and thus elevated pH. The new
chemical understanding which has been developed in this paper will potentially hiodd/she
to the next steps of development in this area, to make these binders into a viable system of

engineering materials for laggscale construction.

4. Conclusions

This papelhas presented a detailed chemical and microstructural analysis of the mechanisms
of phase formation and strength development in sodium carbactatated slag binders.
These materials have been proposed las/aCO, cementing binder system but tend to show
slow strength development, which hassome extentestrictecthe level of scientific analysis

which has been undertaken to date. However, the ability to understand and describe the
mechanisms by which these systems do react offers the scope for futugpoerds and
optimisation of strength development performance, and so the results presentee laere ar
initial step towards enabling the further development and more widespreayrdept of

materials baed on this type of chemistry.

From analysis of the materials by diffractometry and spectrosdopphtase evolution of these
materials, involving the initial precipitation of carbonates and zeolites (duemyémduction

period as observed by caloetry), with later development of-8-S-H type phases (the
acceleratiordeceleration period), has been elucidated. In the first days of reaction, the
carbonate supplied by the activator consumes essentially all of the cafteased blag
dissolution;it is only when this carbonate is largely consumed that the formationrAeS¢
commencesThe application of Xay microtomography shows a significant ongoing decrease
in porosity at extended times of curing, resulting in a {sigangth binder with agsticularly
tortuous pore network, which is likely to be highly desirable for engineering ajpptisatthe
early-age strength evolution can be enhanced.
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