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Abstract

In this study, an alkali-activated slag cement produced whlelad of sodium carbonate/sodium
silicate activator has been characterised. This bindestehad within 12 h, and achieved a
compressive strength of 20 MPa after 24 h of curing uaddsient conditions, which is associated
with the formation of an aluminium substituted calcisilicate hydrate as main reaction product.
Carbonates including pirssonite, vaterite, aragonite aicite were identified, along with the
zeolites hydroxysodalite and analcime at early times aticea The partial substitution of sodium
carbonate by sodium silicate reduces the concentrafi@®:" in the pore solution, increasing the
alkalinity of the system compared to a solely carbonetigeded pasteaccelerating the kinetics of
reaction, and supplying additiaksilicate species to react with the calcium dissolviogifthe slag,
as the reaction proceeds. These results demonsteatehidh blend of activators can be used
effectively for the production of high strength alkaltieated slag cements, with a microstructure
comparable to what has been identified in agedCRe-activated slag cementbut without the

extended setting times reaction usually identified when usisgéit as alkali activator

Keywords. alkali-activated slag, near-neutral salts, microstrucXireay diffraction, nuclear

magnetic resonance, scanning electron microscopy

1. Introduction

Alkali-activated slags are part of the tool-kit of Portlatidker-free alternative binders that have
been developed over the past decades. These material®@duegat through the chemical reaction
between industrial by-products and an alkaline solution, promdtie formation of a harded
solid (Provis and Bernal, 2014)here is a general consensus that alkali-activated slagréiode
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exhibit advantageous technical properties, such as high tatupe resistance (Guerrieri et al.,
2010), resistance to sulphate (Ismail et al., 2013) and #eickaLloyd et al., 201,2Bernal et al.,
2012b), meaning that they are suitable for use in variousadisediapplications, as well as for
general-purpose concrete production. However, predictiotheofperformance of alkali-activated
slag materials based simply upon mix design informasamt straightforward, as there are many
factors that can modify their microstructure and trartsporperties, such as the source, chemical
composition, mineralogy and thermal history of the slagd, the type and concentration of the
alkaline activator incorporated (Wang et al., 199%enger et al., 2011), along with the mixing
duration when producing the binder (Palacios and Puertas, 201 f)eanuring conditions adopted
(Bakharev et al., 1999).

The role of the alkaline activator in an activated slagdirsystems to promote an increase in pH,
which drives the initial dissolution of the precursors] #me consequent condensation reaction to
form calcium aluminim silicate hydrate (C-A-S-H) type gels as main reactiomlypco (Zhou et al.,
1993 Shi, 2003 Song et al.,, 2000), and layered double hydroxides with a hydretajpie
structure, along with zeolites as secondary reactiodyets, depending on the composition of the
slag used (Provis and Bernal, 20Bkrnal et al., 2013)The activators commonly used for the
production of activated slag binders are sodium hydroxide (Na€xtdjum silicates (N®-rSiOy),
sodium carbonate (N&0Os) and sodium sulphate (B8Qy) (Wang et al., 1994Shi et al., 2006)
and the effectiveness of each has been mainly atsteidath the elevated pH and reactive species

that each of these solutions can provide

Sodium carbonate has been identified as a suitablépibgso achieve comparable pH in the pore
solution of alkali-activated slag to that identified in Rortl cements (Bai et al., 2011), and is
significantly less expensive than most other possiblevaotis. Sodium carbonate activation of
blast furnace slag has been applied for several decesigscially in eastern Europe (Krivenko,
1994 Xu et al., 2008), as aore cost-effective and environmentally friendly alternatteethe
widely used activators for production of activated slag proditcis;possible in many parts of the
world to obtain NaCOs either as a secondary product from industrial processésy, mining alkali
carbonate deposits followed by moderate-temperature thdresment (Provis et al., 2044
2014b). More recentlyNaCOs-slag-fine limestone concretes have been observed to géow
good early strength development, as well as calculatedtt&reenhouse emission savings as
high as 97% when compared to Portland cement (Sakulich 2040)

However,NaCQ:s is a relatively weak alkali compared to the hydroxide or sdie&tivators which

are more commonly used in alkali activation. For thisseea when usin@ sodium carbonate
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activator in a slag-based binder, delayed formationrehgth giving phases is often identified at
early times of curing (Fernandez-Jiménez and Puertas, PQ@dn Atis et al., 2009). At early age,
formation of calcium and mixed sodium-calcium carbesats a consequence of the interaction of
the CQ? from the activator with the Gafrom the dissolved slag, is favoured instead of the
development of calcium silicate hydrate gels (Bernal. e2@15). In order to overcome the delayed
hardening (which can take up to 5 days in some systems) avel sitrength development of these
materials, high temperature curing has usually been adoptedh vimds the commercial
application of these materials. In a recent studyvas proposed (Bernal et al., 2015) that what
might be required to overcome the delayed formation ehgth giving phases in these systems is
either:
() amechanism by which the carbonate can be removed fruticsoat early age, leaving the
slag to then react in a NaOH-rich environment, or
(i) the addition of a second activator compound to modifypbiee solution chemistry of the
system, and supply species which are more prone to reactheitprogressively dissolving

calcium from the slag than is the €Gsupplied by the sodium carbonate activator.

In this study, we evaluate the effect of sodium sili@ddition on the structural development of a
sodium carbonate-activated slag-ray diffraction, 2°Si and2’Al MAS NMR spectroscopy and
scanning electron microscopy were used to determine the natdrehamistry of the reaction
products formed, and the kinetics of reaction are asdesa isothermal calorimetry of fresh paste
specimens. Compressive strength values of mortars correspdndihe pastes produced for the

structural study are also reported.

2. Experimental methodology

2.1.Materials and sample preparation
As primary raw material a granulated blast furnace slag @ BFas used, with oxide composition
as shown in Table 1. Its specific gravity is 2800 kgémd Blaine fineness 410 + 10/ky. The

particle size range, determined through laser diffracticas 0.1-74im, with a do of 15um.

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

Component .
(mass % as oxide) Sio;  Al:0s  FeO; CaO MgO NaO KO0 Others LOI
GBFS 33.8 13.7 0.4 42.6 5.3 0.1 0.4 1.9 1.8




104 In order to produce the two activating solutions used, reageude gsodium carbonate (Sigma-
105 Aldrich) was dissolved in water until complete dissolutiors weached. Simultaneously, a blend of
106 NaOH pellets and a commercial silicate (PQ Grade D) solutesproduced in order to achieve a
107 sodium metasilicate solution with a molar ratio of $MO of 1.0 (i.e. a composition
108 corresponding to dissolved p&iOs).

109

110 Paste specimens were formulated with a water/binder oti®.40 and an activator (50 wt.%
111 NaCOs/50 wt.% NaSiOs) content of 8 g per 100 g of slaghe activating solutions were mixed
112 separately with the anhydrous slag, by first adding theusodilicate, followed by the sodium
113 carbonate. The paste was mixed in a Hobart N50 bench mij&w apeed for 10 min to achieve
114 homogeneity. All paste specimens were cured in sealed fagetriubes at 23°C until testing.
115 Mortar cubes, 50 mm in size, were used for compressivegsiréesting; these were formulated
116 with a sand:binder ratio of 1:2.75, and a binder formulatiatching the paste specimens.

117

118 Isothermal calorimetry experiments were conducted using a AkNsothermal calorimeter at a
119 temperature of 25+ 0.02°C. Fresh paste was mixed externally, weighed into an udenpand
120 immediately placed in the calorimeter to record heat flowthe first 140 h of reaction. All values

121 of heat release rate are normalised by total mass t&. pas

122

123 2.2.Testsconducted on hardened specimens

124  The hardened paste specimens were analysed through:
125

126 e X-ray diffraction (XRD), using a Brukeb8 Advance instrument with Cu Ka radiation and a
127 nickel filter. Data were collecteglith a step size of 0.020°, over a 26 range of 5° to 70°.

128 e Magic angle spinning nuclear magnetic resonance (MAS N$p@¥troscopy?°Si MAS NMR

129 spectra were collected at 119.1 MHz on a Varian INOVA-600 (14.4p&ytrometer using a
130 probe for 4 mm o.d. zirconia rotors and a spinning speed of 10.0 Khz2°Si MAS

131 experiments employed a pulse width of 6 us, a relaxatiay dé 60 s and 4300-6500 scans.
132 Solid-state?’Al MAS NMR spectra were acquired at 156.3 MHz on the saiskliment, with
133 a pulse width of 6 ps and a relaxation delay of 2 s.pgdta were collected with a pulse angle
134 of 51°.2%Sj and?’Al chemical shiftswere referenced to external samples of tetramethylsilane
135 (TMS) and a 1.0 M aqueous solution of AJ&H,0, respectively.

136 e Environmental scanning electron microscopy (ESEM), usingEInQuanta instrument with a

137 15 kV accelerating voltage, a Link-Isis (Oxford Instrumemis@¢rgy dispersive X-ray (EDX)
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detecor, and a working distance of 10 mm. Polished, uncoatedleamere evaluated in low
vacuum mode, using a backscatter detector for imaging.

e Compressive strength testing, using an ELE Internationaldusal Tester, at a loading rate of
1.0 kN/s for the 50 mm mortar cubes.

3. Results and discussion

3.1. Isothermal calorimetry

The heat release rate of the sodium carbonate/silezieated slag (Fig. 1) shows an initial pre-
induction period in the first hour of reaction, correspogdo the wetting and staof dissolution of
the slag particles, followed by an induction period where didhitbut non-zero, heat release is
detected during the subsequent 11 hours. Bassociated with a progressive dissolution of the
slag and initial condensation and precipitation of reacfooducts. A low intensity hump was
identified after 3 h of reaction, which is most likelysaciated with the formation of carbonates.
After 13 h a significant heat release is observed, istamd with the process described as the
acceleration period in cementitious binders, reaching a maxiafter 17 h, and the subsequent
deceleration period is complete after 30 hours of reaclibe significant heat release observed in
the acceleration and deceleration periods is assignéttetformation and precipitation of a large

amount of reaction products.

The kinetics of reaction of these binders resemble waaat been identified in sodium silicate
activation of the same slag (Bernal et al., 2014), andther systems with comparable slag
chemistry (Ben Haha et al., 2011), where the pre-inductiolog&as observed during the first
hour after mixing, followed by short induction perio@d@ h in metasilicate activated slags with
MgO contents lower than 8 wt.% (Bernal et al.,, 2014)). Howetve results differ from tee
identified for a sodium carbonate activated slag (Beehall., 2015), where an induction period of
over 62 hours was detected, and the acceleration-deamigpatiodswere observed after 4-9 days
of curing. These results demonstrate that the inalusiccodium silicate is effective in accelerating
the kinetics of reaction of a sodium carbonatevatéd slag, which could teconsequence of the
combined effects of reducing the fraction of carbonatiénsystems (as less XD; activator is
used), and the increased alkalinity of the system artehigoncentration of Si species in the pore

solution, supplied by the sodium metasilicate, at early stabeaction.
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<Fig 1>
Figure 1. (A)Heat release rate and (B) heat of reaction of kaliadilicate/carbonate activated slag
binder. Heat release data for sodium silicate-only and sodarbonateonly activated mortars
from (Bernal et al., 2012015)

3.2. X-ray diffraction
The X-raydiffractograms of the silicate modified sodium carborettvated slag are shown in
Figure 2 After 1 day of curing (which is immediately after the decaion-deceleration peak in the
calorimetry data, Figure 1), the main crystalline compsupiesent are the three polymorphs of
calcium carbonate (CaGp calcite (powder diffraction file, PDF #005-0586), vaterite (RRIP2-
0261) and aragonite (PDF #04-013-9616), along with NaeCa carbonate phase pirssonite
(NaCa(CQ)2: 2H:0, PDF# 002-0157), and hydroxysodalitéagAlsSicO24(OH)2(H20),, PDF# 04-
011-3164). Calcium carbonate in various polymorphs has beetifigienn sodium carbonate-
activated slag binders (Bernal et al., 20B&rnandez-Jiménez and Puertas, 2001), and its formation
was associated with the preferential early age reactibmelen dissolved Cf present in the pore
solution and the Careleased by the partial dissolution of the slag (Begnhal., 2015), comparable

to what is expected to occur during the carbonation reacti@acch cementitious binders.

<Fig. 2>
Figure 2. X-ray diffractograms of an alkali silicate/carbonate\attd slag as a function of the

time of curing

It is noted that the intensity of the reflectionsigeed to the carbonate phases aragowidterite
and pirssonite increase monotonically up to 45 days of cudfigwed by a significant decrease at
advanced times of curing. Formation of aragonite or vatesither than calcite, in the eadiages

of the reaction, may be associated with an interatedelative humidity reached within the sample
(Dubina et al., 2013), or a high concentration of magnesiwsept in the pore solution at early
times of curing. Magnesium has a significant influeanecalcium carbonate precipitation, and can
stabilise amorphous carbonates, aragonite and/or vatdwe its concentration is sufficiently high
(Falini et al., 1996Loste et al., 2003). As the alkali-activation reactiwagresses, is expected that
the concentration of Mg in the pore solution will decrease with the formatadrvig-rich layered

double hydroxides, and therefore minimising its effedtindering calcite formation.
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The addition of sodium silicate here favours the foiomabf pirssonite rather than the more
hydrated double salt gaylussite @a(CQ).-5H0), which was identified at early age when
sodium carbonatevas used as the sole activator (Bernal et al., 2FEsnandez-Jiménez and
Puertas, 2001). Pirssonite and gaylussite have also beeifiedess reaction products in naturally
carbonated and accelerated carbonated alkali-activatetis3gys (Bernal et al., 2012Bernal et
al., 2013), respectively, and the formation of pirssorsta &ransient phase in the silicate-modified

sodium carbonate-activated slag binder here is consistth those findings.

The formation of zeolites at early age of reactiorsodium carbonate activated slag binders has
been associated with the consumption of*'Gsy CQ? towards formation of carbonates, which
leads to saturation of Si and Al species with resfreeluminosilicate zeolite type products in the
NaOH-rich pore solution from the earliest stages ofrdaetion process (Bernal et al., 2015). In
absence of sodium silicate, zeolideA was identified at early age in P&Os-activated slag
binders, but was fully consumed at advanced times of cuBiegnél et al., 2015)The inclusion of
sodium metasilicate favours the formation of hydroxystelatather than zeolite NaA; the
reflections assigned to this phase vary in intensity betwikeeand 7 days of curingand the
formation of analcime (NaAlgDs, PDF# 01-073-6448) is also observ@&bth zeolites are fully
consumed after 7 days of reaction. Sodalite type zeada be formed from zeolite Mafwhich is

a closely related framework structure) under highly alkalineliions (Deng et al., 200€hen et
al., 2010), which suggests that the increased alkalinitjpaoed with that reached when using
sodium carbonate as sole activator, is favouringet@ution towards sodalite structures in the

silicate/carbonate activated system here.

Formation ofa crystalline layered double hydroxide with a hydrotalcite type giraqresembling
MgeAl2CO3(OH)16- 4HO, PDF# 014-0191), along with a calcium aluminium silicate hgdf@tA-
S-H) (resembling a disordered, Al-substituted form of tobeitmdrilA, CaSiOis5H0, PDF
#045-1480), is identified after 3 days of curing. These phhags been reported as the main
reaction products in NaOH and XarSiO, activated slag binders (Ben Haha et al., 2011, Bernal et
al., 2013 Escalante-Garcia et al., 2003). The intensities of tiect®ns assigned to these phases
increase substantially during the first 45 days of curing, witly minor variation at advanced age
(180 days), consistent with the deceleration of the progeestivation process after the first
months of reaction. The formation of heulandite, &riCh zeolite which was identified in the
sodium carbonate activated slag paste (Bernal et @l5)2appears to be suppressed by the

incorporation of sodium silicate in the system.
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3.3.Nuclear magnetic resonance spectroscopy

The?*Si MAS NMR spectra of the anhydrous slag and sodium catésilacate-activated binders
are shown in Figure 3A. After 1 day of curing, low intepgieaks centred aB0, -83 and -86 ppm,
assigned to & Q?(1Al) and @ sites respectively and characteristic of the Al-sulitstit C-SH
type phase (Le Sao(t et al., 20Bernal et al., 2014)are observed. This indicates that the partial
replacement of sodium carbonate by sodium silicateffisctively favouring the formation of
strength-giving phases during the first 24 h of reactiois. noted (Figure 3A) that the intensity
the region between -60 and -80 ppm decreases up to 28 days @f, @onsistent with the
progressive reaction of the unreacted slag; however anadg times of curing a slight increase in
the intensity of the sites present in this region wiastified. This is mainly associated with the

formation of additional ®sites as reaction progresses.

As reaction progresses,significant increase in the intensity of these baisd&lentified. In all
specimens, resonances at -89 and -93 ppm are also obsergsd.sliks are typically assigned to
Q%(1A)) sites present in crosslinked tobermorites with Al(I8Si linkages (Fernandez-Jiménez et
al., 2003) and ©sites, respectively. However, a structural model andpretation of2°Si MAS
NMR results for alkali-activated slags has recently beepgsed (Myers et al., 2013), suggesting
that G and G(1Al) sites could overlap with contributions of(@Al) and (4Al) sites from an
aluminosilicate type gel forming in Al-rich binders, and th€8¢Al) and J(4Al) sites will thus
also contribute to the -89 and -93 ppm peaks (Myers et al., Beti3al et al., 2014). According to
this model, the contribution of{Gites to the -93 ppm peak may be a minor one, as tjogity@f
crosslinking sites in the tobermorite-type gel involveaarminium bridging site, and so this peak is

predominantly related to the*@pe aluminosilicate environments (Myers et al., 2015).

<Fig 3>
Figure 3. (A) °Si MAS NMR spectra as function of the time of curinggl €B) deconvolution of
29Si MAS NMR spectra of 28-day cured of sodium silicate/carl@nativated slag binders. The

grey area corresponds to the remnant unreacted slag atiotrib

It was suggested (Bernal et al., 2015) that the extractioalofum from the slag glass, and the
consequent formation of carbonate species, will be faebat the alkalinity conditions reached in
sodium carbonate activated slag systems<pH), and consequently the’Q@ites in the slag would

be prone to preferential release upon reaction. Howegeent studies (Snellings et al., 2014
Snellings, 2015) evaluating the surface characteristicsnthetc glasses within the system CaO-

Al>03-MgO-SiO, demonstrated that these glasses dissolve congruetliyailne media (pH above

8
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11), independent of the content of MgO. The partial sulisin of sodium carbonate by sodium
silicate promoted a higher alkalinity (activator pH = 13.Bntis achievable in a sodium carbonate
activating solution, and therefore congruent dissolutibthe slag is more plausible in the system
studied here. Based on this, quantitative analysis oé thigesctra was carried out through the direct
subtraction of the scaled contribution of the unreastad component from the spectra of reacted
samples at different times of curing, as proposed byaelt et al. (2011). A summary of the
deconvolution results is shown in TableA? example of a deconvolutédSi MAS NMR spectrum

is shown in Figure 3B.

Table 2. Deconvolution results 3?Si MAS NMR spectra of silicate/carbonate-activated slag

binders as a function of the time of curing. Estimated miaicgy in site percentages is + 2%

Reaction products

Time of Q3(1Al)/ Q¥
U cted 0 & 11 2(1Al 2
curing nrea Q 0 ) QA < Q*(4Al) Q*(3AI)
sag (%)
(days) -89
-T4ppm -78ppm -80ppm  -83ppm  -86 ppm -93 ppm
ppm
54 3 12 7 12 8 4 0
3 34 5 16 11 17 11 5 1
33 6 15 12 18 10 5 1
28 31 5 15 13 19 11 5 1
45 30 6 17 11 17 9 8 2

When sodium silicate was used as the sole activatasldgrat a similar dose to the mix designs
used here, unreacted slag percentages #2%@5and 21%2% were calculated, after 14 days
(Bernal et al., 2013) and 56 days (Bernal et al., 2014) régplgc through deconvolution ofSi
MAS NMR spectra. The fraction of unreacted slag in wwodicarbonate/silicate slag pastes is
significantly higher, consistent with the delayed kineti€seaction in this systeri\s the reaction
progresses during curing, the slag continues reacting isdtiem carbonate/silicate slag pastes
and eventually approaches a similar extent of reactioatat age to that identified in sodium

silicate activated slag binders.

Differences in the relative abundances of the silisga environments are most evident when
comparing the results of paste after 1 day and 3 days afgcusihere a significant fraction of
unreacted slag is reacting, promoting the formationlicbsi sites assignable to C-(A)-S-H type gel

forming in these materials. This agrees well with the lhight released by these binders (Figure 1)
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within the first 48 h of reaction. The relative fracts of the different sites remain much more
similar from 7 to 45 d, indicating that the binder structuréaigely established at 3 d, and the
ongoing reaction continues to produce a larger quantitynaifas reaction products, rather than
showing a fundamental shift in the nature of the bindet astures. It is worth noting that the
fraction of the sites at -89 ppm is comparable in theusoadtarbonate/silicate slag paste to that of
sodium silicate activated pastes (-89 ppm fraction 3-7% négBet al., 2014)), suggesting that the
blended activator is promoting similar crosslinking of teaction products than when using sodium
silicate as sole activator.

Three distinct types of aluminium environments, Al(IV) 82 ppm), Al(V) (30-40 ppm) and
Al(VI) (0-20 ppm) (Engelhardt and Michel, 1987), are identifiedalhof the /Al MAS NMR
spectra (Figure 4). Sharpening in the tetrahedral Al bantdsereed after 1 day of curing, along
with the appearance of a shoulder centred at 74 ppm, vitiesesity increases with curing time.
This band corresponds to the Al(1V) incorporated in bridging@bettra in the C-A-$t (Andersen

et al., 2003 Sun et al., 2006)These results are consistent with #8i MAS NMR data, where
formation of C-A-S-H type phasas identified after 1 day of curing, and differs from the trends
identified in NaoCOzs-activated slag cement (Bernal et al., 2015), where thinaise peaks
assigred to the strength-giving phase C-A-S-H werdy observed after 7 days of curing. This is
also in good agreement with the much later onset adi¢heleration peak in the calorimetry data for

the carbonate-only system (Figure 1).

In pastes cured for 7 days, asymmetric broadening of the b&8doaim is observed, along with the
formation of a low intensity shoulder at ~58 ppm, conststath the formation of Al-substituted
tobermorites with low Ca/(Si+Al) ratio (Sun et al., 20063 dnighly crosslinked C-A-S-H phases
(Myers et al., 2013)Formation of a narrow peak centred at 8.7 ppm is alsergéd at early times
of curing (1 day), and the intensity in this region siguaifitly increases as the reaction progresses.
This peak has been assigned to layered double hydroxide types ghaatkali-activated slag
cements (Bernal et al., 2013), including hydrotalcite andfem type phases, and the increase in
intensity of this peak with curing duration is in goodesgnent with the observation of hydrotalcite
by XRD (Figure 2). Hence, it can be stated that the additfcsodium silicate is accelerating the
kinetics of reaction in this blended system, via preté&kreaction of Si species supplied by the
activator with the Ca from the dissolving slag, favouriognation of C-A-S-H phases within the

first day of reaction.

10
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<Fig 4>
Figure 4. 27Al MAS NMR spectra of sodium silicate/carbonate-activatiag binders as function of

the time of curing

3.4.Scanning electron microscopy

Backscattered electron (BSE) images of the paste egdl@tthree different magnifications and
two different curing durations (7 and 28 days) are showngar€i5. In the 7-day cured sample
(Figure 5A) several distinctive features are identifiedhwarying greyscale intensities. Light grey
angular particles correspond to remnant unreacted slag.graese slag particles are embedded in
a mostly continaus matrix, whit contains some isolated dark grey regions which will be
discussed in detail below, and large pores (black regihitte differenceis visually identifiable
between the samples cured for 7 and 28 days (FigBye &though the XRD data in Figure 2
showed the consumption of the zeolitic phases during this imterval, which indicates that this
process does not have a significant influence on the migobste on the length scale observable
by SEM Conversely, at more advanced times of curing (90 days, Fiftyehe dark grey and
black regions are no longer identifiable, and instead therrabis mainly composeadf a dense and
homogeneous matrix, encapsulating the remaining unreatagdparticles. Change in greyscale
intensity in SEM imaging of cementitious binders canadbiibuted either to a change in the
chemistry of the binding gel, or to changes in density (Baha et al., 2011Zhang et al., 20Q2
Kjellsen, 1996 Famy et al., 2002). To separate these effects, elehmeats of pastes cured for 7
and 90 days were collected, and are reported in Figure 5 agspéctively.

<Fig 5>
Figure 5. BSE images of sodium carbonate/silicate-activated stadgks after (A) 7, (B) 28 and
(C) 90 days of curing, at three different magnificationsga@nple (denoted 0, 1 and 2)

In the 7 day-cured paste, two distinctive areas can bifidd in the BSE image in Figure 6: a
light grey homogenous matrix rich in Al, Si and Ca, coasistwith a C-A-S-H type phase, as
previously identified in these pastes via NMR (Figure 3), atharla grey areaimilar to those noted
in Figure 5A. This region has a lower content of Ca timnlight grey region, and is enridhin
Na, O, and C. In this region, little or no Al, Mg and $e gresent, and so the elemental
composition of the dark area is consistent with thegmess of arNa-Ca carbonate type phase
XRD results for this early-age paste (Figure 2) showed themation of pirssonite
(N&Ca(CQ)2- 2H0), and therefore it is likely that these areas cpoed to this phasén the paste
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cured for 90 days (Figure ,7gorrespondingCaNa carbonate areas were not identified (consistent
with the reduction in pirssonite in the XRD data in Figuia ater ages); instead, a homogeneous
matrix with Ca, Na, Al, and Si more evenly distributecbisserved. This is consistent with the
formation of a C-(N)-A-S-H type phase as the main bindangduct, as identified by other
analytical techniques throughout this study.

<Fig 6>
Figure 6. BSE image and corresponding elemental maps of a so@ditbarate/silicate activated

slag cured for 7 days

<Fig 7>
Figure 7. BSE image and corresponding elemental maps of a so@ditbarate/silicate activated
slag cured for 90 days

3.5. Compressive strength

Mortars produced with the sodium carbonate/silicate activdgvelopeda compressive strength of

19 MPa after 1 day of curing (Figure. §ubsequent to this, a significant increase in compressive
strength is also observed between 1 and 4 days of curingatstihé mortars reach a strength of 44
MPa after 7 days. This differs from what has been ebseffor sodium carbonate activated
materials produced with the same slag used in this studypdBer al., 2015), where the material
had not yet hardened after 1 day of curing, and after 4 atay¥ of curing the mortars achieved
compressive strengths of 9 MPa and 33 MPa, respectivehgdr curing times promote further
strength development, in agreement with the densificatidhe matrix observed by SEM (Figure
5). Mortars cured for 56 days reached 63 MPa, which is 20 Mifehthan is achieved when

sodium carbonate is utilised as the sole activatom@et al., 2015).

<Fig 8>
Figure 8. Compressive strength development of a sodium silicate/caid@ctivated slag binder
compared with data for similar mix designs using silicatg~antl carbonate-only activators

Compressive strength data of sodium carbonate activatpdansigars from (Bernal et al., 2015)
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The earlier strength development in the carbonatefsliaetivated slag mortars is associated with
the reduced concentration of €0n the system compared to the carbonate-only activasan the
absence of dissolved silicatélse calcium released by slag dissolution is consumedwumaation of
carbonate phases instead of forming strength-giving binderTgesigher alkalinity of the sodium
silicate-containing solution accelerates the slag dissolldompared to the sodium carbonate-only
system, and the Si species supplied by the sodium silioatpanent of the activator participate in
formation of the strength-giving phase C-A-Bwithin the first 24 h of reaction, as identified via
XRD and solid-state NMR spectroscopy, and therefore faki@lr early strength development of
thee cements

The compressive strength values of the sodium carb@matesodium carbonate/silicate activated
slag pastes are generally lower than those of theatghonly system; however after 56 days of
curing, the strength values of the carbonate/silicatwadet paste are comparable to those of
silicate activated pastes, although a reduced degree abreatthe slag was identified in this mix,

compared with the silicate only system.

4. Conclusions

This paper demonstrates that highly significant performance gagilkali-carbonate activation of
slags can be achieved through the addition of sodium siligarticularly in terms of early-age
reaction rate and strength. Setting and hardening occur witkirirst 24 h after mixing under
ambient-temperature sealed curing, and a significant strébgthPa) is achieved at this point in
time, which would be sufficient for demoulding or formwork pa@l. This route to the production
of alkali-activated binders offers a reduced cost (batanitial and environmental) compared with
the use of a silicate-only activator, with but with perfance which significantly exceeds that of a
carbonate-only system. The addition of sodium siligagromoting faster dissolutioof the slag

as identified via isothermal calorimetry, as higher lalkées are achieved compared with sodium
carbonate activation. The carbonate ions are rethéreen the liquid phase in the hardening paste
by reaction with the calcium released by the slag; ¢hidy-age formation of alkali/alkali-earth
carbonates is accompanied by early formation of aaldialumino-)silicate hydrate as a strength-
giving product. The calcium carbonate phases formed at ageyremain stable in the reaction
product assemblage, while the alkali/alkali-earth carbonate elmalitls, as well as some zeolitic

phases which incorporate the excess alumina supplied byathease transient phases which are
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later converted to calcium (alumino-)silicate hydramel &ydrotalcite as further Ca and Mg are
supplied by the ongoing reaction of the slag. The final binderostructure is dense and relatively

homogeneous, with a compressive strength exceeding 60 tép&@adays.
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