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Abstract

In this studythe effect of sodiunsulfatecontent and curinguration from fresh pastep to

18 months)on thebinderstructure of sodiunsulfateactivated slag cements was evaluated.
Isothermal calorimetry results showad induction period spannirige first threedaysafter
mixing, followed by an acceleratietieceleratiorpeak corresponding to the formation of bulk
reaction productsEttringite, a calcium aluminium silicate hydrate-f=S-H) phase,and a
hydrotalcitelike Mg-Al layered double hydroxide have been identifias the main reaction
products independent of the N8Qs dose No changes in the phase assemblageedetected

in the samples with curinigom 1 month up to 18 months, indicating a stable binder structure.
The most significant changes upon curaigadvanced agedserved wergrowthof the AFt

phase andn increase isilicate chain length in the-8-S-H, resulting in higher strength.

Keywords: Alkali-activated slag, sodium sulfate, microstructure, X-ray diffraction, nuclear

magnetic resonance spectroscopy

1. Introduction

Ground granulatedl@st furnace slag, a gyroduct of the iron making industry, is one of the
mainsupplementary cementitious materiatedin blendsfor partialreplacemenof Portland

cement. However, the amount of slag that can be incorporated in a Portland blended cement is
limited by the slowr hydration ofthe slag, which delays the hardening of these cement
Therefore, inthe production ofcemens solely based on slagithout a Portland cement
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component,chemical activation is requiredto initiate the reactions that will lead to the
hardening of the materidh generalalkali silicates, hydroxidesr their combinatiormre used
as alkaline solution$or the activation processof slag, which are referred to aactivating
solutions [1].

Alkali metalslicates and hydroxidesannotbe naturally source@nd their production process
is costly and energgonsuming,meaning thathey have been identified as tdeminant
contributor to the environmental footpriswd production cosif alkali-activated cement{g].
However, tleseare not the only activators that can be used for the production of these binders.
One of the promising environmentally friendlikali sources which caanctionas an activator
is sodiumsulfate (NaeSQs), which is naturallyfound asthenardite (anhydrous MaQs) and
mirabilite (NaSQs- 10H0) [3]. Activation of slag by near neutral salthas been given
relatively less consideratiorthan silicate or hydroxide activation,as their utilisation
compromiseshe early strength developnteri these binders, and even the initiatdening of

the cementan take several dayslonger[4].

Even though the strength developmehiNa,SQ: activated slag cemenan beoptimised and
improved to fit the needs of the construction industry, for some specialisecaippb¢ rapid
setting isnot considered a key factoontrollingthe applicatiorof a cementitiousystem For
instanceNaSQs activated slatpas beenevaluated as a potential matrix for the disposal of low
and intermediate leveluglear wastdor its low heat ofreactionandmoderatepH, which is
proposed to béeneficialin reducing corrosiorof radioactive metal$5]. It has also been
reported[6, 7] that immobilisation of sodiursulfatebearing nuclear wastes is achievable in
Ba(OH)/NaxSQs-activated slag cements, wherepeocess ofcombined sulfatéhydroxide

activationof the slag takes place, along with the precipitation of insoluble barilfate

It is alsoworth noting that despite the delayed early reaatemorted in these systemshas
beenidentified [1] that NaSQs-activated slag can develop mechanical strengtt28 days
which arecomparale to those identified incements with higher early strength, suciNa®H
activated slagsRecent studie®iave also shown[8] that NaSQOs-activated slags armore
resistant to degradation caused by exposure to elevated temperatures up toir600°C

comparison to Portland cement.
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In sodiumsulfate activationof slag the mainstrengthgiving phaseforming is a calcium
silicatehydrate (CS-H) type phase with a low Ca/Si ratio and a significant degree of
aluminium substitutionteferred to a£C-A-S-H [7]. As themain secondary reaction product
ettringite (3Ca0O Al03- 3CaSQ- 32H0) has been identifief¥, 8]. This is associated with the
high sulfatecontent in these systems, which stabilises ettrirgren at highalkalinity [9].
Formation & ettringite is considered to belesirablefor nuclear waste encapsulatiora
cementationasits large unit cellaccommodatea high contenbf bound water, leavinggss
free waterin the pore networkavailable for radiolysis [10]. Radiolysis of free water
compromiss the integrity ofa solid cementwasteformas itcausedormation ofcracksand
open pore$ll]. Etringite canalsoact as a hogor anumber of both positively and negatively
chargedons in both the columnar and channel sectiamgsomorphous substituents within its
structure[12]. This mechanism can be beneficial for encapsulation of hazardous saste

as heavy metald 3, 14],andalsofor many potentiallyproblematicradionuclides.

This study focusesn the characterisatiasf the NaSQy activated slag cement systewith a
view towards developing a cement with potential for nuclear waste immobilisahereffect

of different alkali concentrations on the reaction kinetics and phase assemblage has been

investigated. Ntrostructural evolution has been followed over 18 months vieayX
diffraction, thermogravimetry, solid state nuclear magnetic resonarce@gopyscanning
electron microscopgnd @mpressive strength development.

2. Experimental methods

2.1. Materials

A blast furnace slag (BF$jom Redcar stewlorks UK, with a Blaine fineness of 286%kg,
was used in thistudy. The chemical compositiotheBFSis presented in Table As alkalr
activator an analytical gradgmhydrous sodiuraulfate(NaSQs, 99% purity) from Alfa Aesar

was used
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Table 1. Composition of blast furnacgag (BFS), from Xray fluorescence analysis. LOI is loss on
ignition at 1000°C

Component )

] CaO SiO; A0z FeOz MgO KO NaO SO others  LOI
as oxides
Weight % 388 358 134 0.9 7.6 0.4 0.3 0.7 15 0.9

2.2. Sampleformulation and testing

Activating solutiongontaining 5, 10 and 2kt.% NaSQs (i.e. 50, 100 and 250 g B84 per
kg of water)wereprepared by dissolving solid anhydrous,8i@; in distilled water at 40°C.
The solutionsverecookedto roomtemperatureweremixed with unreacted BF&ccording to
theformulations given inrable2. The pastesvere weighed andombined ina sealedb0 mL
centrifuge tubemanually mixe and shkenfor 2 to 5 minutesthenmechanicallymixed fora
further5 minutes using a Whirh Mixefhe samples were cured in the same seaattifuge

tubesat room temperatur@1°C) for up to 18 months.

Table 2. Formulations for sodiuraulfateactivated slag samples

Sample BFS(g) | NaxSO. | H2O (g) | Water/binder ratio* Activator dose (g
ID (9 Na,O per 100 g of
BFS)
5 wt.% 100 1.8 35 0.34 0.79
10 wt.% 100 3.9 35 0.34 1.70
25wt.% 100 11.7 35 0.31 511

* water/binder ratio was calculated considetimg sum oNaSO, + BFSto be the binder

In the context of encapsulation/immobilisation of nuclear wastes, the workalbilite cement
wasteformmaterialis very important, athiswill control its ability to fill the complex shape of
the drums used for nuclear wasteatmenin the UK, without requiring additional vibration.
All the pastes produced in this study were highly fluid during the mixing and castiogss,

and did not harden within the first 24h after mixing.
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In order to elucidate when the pastkd harden isothermal calorimetry experiments were
conducted using a TAM Air isothermal calorimeter at a base temperaturé@®fZh02°C.
Fresh paste was mixed extdinas described aboy25 g wasweighedinto an ampow and
immediately placed in the calorimeter, and the fleat was recorded for the firgtO0O h of
reaction. All values of heat release rate are normalised bynatsof paste.

2.3 Testsand analysis

Hardened pastes were demoulded aftéferent times of curingcut into cylinderg27 mm
diameter and 2/mm height)for compressive strength tesj, andthe ends polished to be flat
and parallel.After testing to failure in compressiothe brokenpieceswere immersed in
acetoneo arrest the reaction proceédter 3 days, the samples were removed from the acetone,
dried, and kept in sealed containers to avoid carbonation during storage. The sargthsnv
crushed and sieved (-@®n), andanalysed:

e X-ray diffraction (XRD) was conducted using a Siemens D5000 instrument(Cu K
=1.54178 A), with a step size of 0.02° and a scanning speed of 0.5°/min.

e Thermogravimetric analysis (TGA) was carried out using a Perkin EImer PYGA
Approximately 40 mg of sample was weighed, placed and heated at 10°C/min in an
alumina crucible under a nitrogen atmosphere.

e Solid-state?®*Si MAS NMR spectra were collected at 59.56 MHz on a Varian Unity
Inova 300 (7.05 T) spectrometer using a probe for 7.5 mm o.d. zirconia rotors and a
spinning speed of 5 kHz. TR&Si MAS NMR employed a 90° pulse duration of 5 ps,

a relaxation delay of 5 snd 14000 scans. Solidtate?’Al MAS NMR spectra were
acquired at 104.198 MHz, using a Varian VNMRS 400 (9.4T) spectrometer and a probe
for 4 mm o.d. zirconia rotors, a spinning speed of 14 kHz with a pulse width of 1 us
(approximately 25°), a relaxatialelay of 0.2 s, and a minimum of 7000 sc&i&i.and

27Al chemical shifts are referenced to external samples of tetramethylsilane gR6IS)

a 1.0 M aqueous solution of Al(NJ, respectively.

e Environmental sanning electron microscopy (SEMjas condu@d using a Hitachi
TM3030 microscope, with a backscattered electron detector and an acceleratigg volt
of 15 keV. Monolithc solid samples were cutto small piecesvith a diamond saw
before sanding manually with grinding paperglod,800 and 1200 grit SiC. Samples
were then polished with 6 um, 3 pm, 1 um and 0.25 pm diamond pastes and polishing
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155 cloths. The samples were finally coated with carbon using an Edwards ‘speedivac’
156 carbon coating unit and silver dagged to make them elecyricatiductive before

157 analysis

158 e Compressive strength of cylindrical specimens was measured using a Zeettk R
159 Z050 machine at a load rate of 0.5 mm/min. The results were corresterh shape

160 factor of 0.85 for cylinders of aspect ratio 1.0.

161

162

163 3. Resultsand discussion
164 3.1. Effect of the activator concentration
165 3.1.1. Isothermal calorimetry

166  Figure 1 shows the heat release curvedllddli sulfateactivated slag binders, as a function of
167 the NaSQ; solution concentrationdn general, all curve shapes are consistent wth

168  previous results reported falkali activated slagsystens with hydroxide and silicate
169  activators wherea preinduction period (first peak) is observed during thst hours of

170  reaction followed by an induction period, and a high intgnsitceleration and deceleration
171 period (second pealgorreponding to thenitial and final setting of the paste as a consequence

172  of the precipitation of reaction products [15-17].
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100

B —5wt% - -10 Wt.% -=225 wt%

90

Heat of reaction (J/g of paste)

0 50 100 150 200 250 300 350 400
Time (h)

Figure 1. (A) Isothermal calorimetry curves and (B) cumulative heats of reactiofkatf al
sulfate activated slag binders, as a function of th&s@aconcentration

The maindistinction for NSOy activated slag pastes comedto the calorimetry curves
identified for alkali silicate and hydroxide activated sksygstemsis the very longnduction
period (between 1025 hours)bserved herbeforethe precipitation of reaction products
startstaking placeThis carbe atributed tothenearneutral pH of the alkali activator solut®n
used (pH7.5), which does nogreatly acceleratéhe dissolution of the slagarticles. The
results reported herare comparablavith those reported bjrashad eal. [18] for NaeSQu
activation ofslag,where induction periods between 24 to 60 hours were idendifi@deaction
temperature of 40°C, dependingttie fineness of the sland the activator dose.

Figure 1B showghat theduration of theinduction periodis nearly comparabléor all the
samplesbutan increasedoncentration of the activator is not promoting a faster reaction of
the slag, as might be expected. Insteadusi@ef 10 wt.% and 25 wt.%dNaSQ; solutiors gave

comparablenduction period (~80 h), while5 wt.% gave a longer induction period of ~110 h

Fig. 1Balsoshowsthatthe 25 wt.% NaSQs activated slag sample has the highest overall heat
releaseafter 400hours of reactionwhereashe 5 w.% NaSQ: activated slaggample has a
broad and low intensitsicceleratiordeceleration perigchearly 50%owerin overall heabf

reaction compared with the &% NaSQs sample
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Theseresultselucidatethatin the range o&ctivator doses evaluated in this stuiig duration
of the induction period oNaSQs activatedslag samples doesot have a direct correlation
with the alkali solution concentratiagnisowever, slightlyhigher cumulativéneas of reaction
are olservedat extended times of reaction when thHkak solution concentrations are
increased, consistent with tobsenation ofRashad et a[18]. Thereforea highconcentration
of the activator aninducehigher degregof reaction but not necessarily the fastésitiation

of the formation of bulk reaction products.

3.1.2. X-ray diffraction

Figure? illustrates Xray diffractograms of N&Qs-activated slagastes witlvarious sodium
sulfate solution concentrationsafter 28 days of curing at 21°CAkermanite (CaMgSiOy,
Powder Diffraction He, PDF,card#0760841), is identified as the sole crystalline present in
the slag used in this study, and the reflections assigned to this phask alosesived in the

activated binders, which suggest that it is not participating in the activatictiorea

All the samples showrmation of ettringitg3CaO Al 203- 3CaSQ- 32H0; PDF # 0411451)

in agreement wittprevious report$or similar systemg5, 19]. The ettringitepeak intensity
increasd with highersulfatecontent within the systentonsistent with the higher degree of
reaction identified by calorimetry (Figure 1Bjth higher contents of sodiusulfatein the
systemA low intensitypeak at 11.3° 20 is also observed in these samples, and is assigned to

a layered double hydroxidgpe phas€LDH). In alkali-activated slags with moderate to high
MgO contents, such layered double hydroxides are usudéwptified as hydrotalcite
MgsAl 2(CO3)(OH)16: 4HO [17] or variants therepthowever,underthe activation conditions
adopted in this studyheformation of hydroxyl or sulfate rich LDH might be feasibkD
reflections for sulfateich LDH were checkedhowever themain peaksof this type of phase
overlags with those assigned tettringite, sat cannot be statedonclusively from the XRD

resultswhetherthe formatiorof this phasés taking place
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Figure 2. X-ray diffractograms of one month p&-activated BFS pastes with various
sodium sulfate solution concentrations. Peaks marked are akermanite (Ag, (@it
ettringite (E), hydrotalcite (HT) and-8-S-H (CSH)

Despite the high N&Qs doses used in this study, unreacted3@ in the formsof mirabilite
and thenarditevasnot identified asa crystalline products in these samplasr was gypsum
formation observed. This indicatémtthe majorityof the sulfatédhasreactedo form ettringite,
and that sufficient Ca and Al have been released by the slag to enable thisioonwebe
completed, een at the highest dose (25 wt.% solution corresponding to 11.2Z3fWper 100

g slag, Table 2). In a previous study by the arglfi7], traces of unreacted h&QO; were
identified via>>Na MAS NMR spectroscopy ia mix design corresponding to the 10wt.%
NaxSQs samplesstudied hereafter 6 months of curing.herefore it is likely thathe NaSQy
was not sufficiently crystalline to be identified by XRBut is also possible that some of the

unreactedNaSQO; was remaed during the sample preparation prior testing.

Disorderectalcium silicate hydrate3-S-H)type gel products are also identified in all samples
asa very broadeflectioncentred below 30° 26. This type of product is the mdnnding phase
in alkali-activated slag systenj&0], and appears to increase in prevalence (concentration

and/or crystallinity) with increasing activator dose, cstesit with the higher heat release at
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247  the highest activator content testéthces of calcite are also identified in these samples, which
248 s likely to be associated with weathering of the sample pwianalysis.

249

250 3.1.3. Thermogravimetric analysis (TGA)

251  The differential thermograms (DTG) of MNaOs-activated slagsamples with various

252  concentration of the activatare shown in Figure.3he slightly higher weight loss of the

253  sample with 10wt.% N&Qs, compared with the paste dosed with a higheSRacontent|s

254  mainly associated with the thermal decomposition of calcite, which was identified i thes
255  samples by XRD (Figure 2), and whose decomposition takes place between 650°C to 850°C
256  [21].
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Figure 3. Thermograms (A) andiffierential thermograms (mass loss downwak@ég)of
NaOs-activated slag pastesired for 28lays,with various sodiunsulfatesolution

concentrations

A high intensiy mass losdetween 70°C and 200°C is obserfmdall the samplesattributed
to the release of evaporable water and the start of the dehydration oftetf@i2hiThe total
masslossup to 200°Cincreasesrom 7.1% for the sample activatedith 5 wt.% NaSOQs to
11.1%with 25 wt.% NaSQs respectively, indicating thathigherconcentration of the activator
promotes the formation of a larger amount of reaction products, consistettievehcalatin
of ettringite formation as observed in the XRD res(Higure 2) The progressive weight loss
between30°C and200°C is assiged to the decomposition d¢iie C-SH type phasg23]

forming in these samples.

The weight losdetweer200°C and 400°C is assigned to decomposition of the layered double
hydroxide(LDH) with a hydrotalcitelike structure[24]. Comparable weigt losgsassigned

to LDH decomposition were observeéa all samplesindependent of the concentration of
activator usedyhich is consistent with the fact that most of the aluminium is being consumed

during the ettringite formation.

3.2. Effect of curing duration

Pastes produced witl0 wt.% NaSQ: were selectedfor the assessment of th&tructural

evolution of sodium sulfate activated slag paste

3.2.1. X-ray diffraction

Ettringite, ahydrotalcitelike LDH type phase, traces of calcium carbonate and a disordered C
A-S-H wereidentified at all agegFigure 4), consistent with observations at 28 d&ygure

2). No significant changes in the intensity of the reflections of the crystallireeptiarming
wereobservediuring this 18 month period. The most notable change in the diffrantegsa
observed in the region assignedhe overlapping reflections @-A-S-H and calcite, where

this peak seems sharper and more intense up to 6 months, and afterwards becoraedess int
and wider. Thesecondary peak of calcite just below 4@ ghowsa very similar trend,
indicating that this change is due largely to the differences in supedariabnation of the
samples, where the more mature 42d 18month samples are less prone to carbonation prior

11
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to or during analysis, although there may dsasome changes in the content or ordering of

the GA-S-H as a function of time.

cC A
CSH
A
E A
' E
E E E
i EE E, E AAccE A E EA
18m
12m
6m
Tm
Slag

5 10 15 20 25 30 35 40 45 50 85
20 (degrees)

Figure 4. X-ray diffractograms of unreted slagand NaSOQs-activated slagasteswvith
various ages in months as markBeéaks marked are dkermanite (A), calcite (CC), ettringite
(E), hydrotalcitgHT) and GS-H (CSH)

3.2.2. Solid-state 2’Al MAS NM R spectr oscopy

The 2’Al MAS NMR spectraof the samples (Figure 5) show three distinct Al coordination
environments (AY, AlY and AM), located at chemical shifts between 52 to 80 ppm, 30 to 40
ppm and-10 to 15 ppm, respectivel5]. In the spectrum of thaunreacted slaga broad
asymmetridAl"v bandcentred a60ppm is observedind assigned to the aluminosilicate glassy
fraction of the slag resembling a melilite type strucf@B. Upon sodiunsulfateactivation of

the slag new resonances in the Alregion, centred at 13 ppm, 10 ppm and 4 ppm were
identified. Theseresonances are assignecettringite[26], andto the hydrotalcite type phase
[20], respectively, abothof thesgphasesvereobserved by XR§Figure 4) The contribution

of ettringite increases with the time of curibynor contributions from AFm type phasasuld
alsopotentiallybe assigned to the band at 10 ppithoughsuch phases we not identifiable

12
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by XRD or TGA in the samples studied hefée low intensity band centred at 4 ppmainly
observed after 12 and 18 months of curisgttributed to the third aluminate hydrate (TAH)
[27], as tls phase has bedtentified inother alkalactivated slag systeni28].

AFt

HT/AFm

TAH

Slag

| N I ! I ' I N I N I ! I ' I ' 1 !
120 100 80 60 40 20 0 -20 -40
Chemical shift (ppm)
Figure5. 2’Al MAS NMR spectra of unreacted slag and:8l@:-activated slag pastes with
various ages. AFt corresponds to ettringite, HT corresponds to hydrotaltifedi

corresponds to the third aluminate hydrate

The increase in intensity in the "Alegion, particularly from 1 month to 12 months of curing,
is related to the incorporation ofc®ordinated Al intdhe interlayer sites in-B-S-H structures
[27]. The aluminium environments in the A region correspondn part to the remnant
unreacted slag thebinders and to theC-A-S-H gelforming upon activation of the slag- C
A-S-H gels usually present threkstinctive sites centred at 73 ppm, 67 ppm and 62 ppm,
respectively[29-31]. The sites at 73 and 67 ppm mayassigned tahe ¢ aluminate species
g?(l) and ¢(ll) in the gelas bridging tetrahedral sites coordinated with different cationic
interlayerspecieg28], analogouslywith theQ'(l) and Q(ll) silicate sites identified in silicate
activated slag bindefd 7, 28].The stes at 62 ppm are assigned fagordinated aluminium,

associated witla highdegree otrosslinking in the C-A-3 gel [28].
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In the one month old sample theymmetricAlV bandis centred at 60 ppm, indicating eithe

a large degree of croisking of the GA-S-H forming in this paste, or more likellye presence

of a large fraction of unreacted slag remaining in the sample. At advanceatiowemg, this

band is less intense and shifted towards higher chemical shift values (64 and 65 ppm,
respectively)}compared with the ommonth sample. This is associated with the consumption

of the slag as reaction progresses over the time of curing.

3.2.3. Solid-state °Si MAS NMR spectr oscopy

Figure6 shows thé°Si MAS NMR spectra of the unreacted slag ysedof 10 wt.%NaSQu-
activated pastes with various ages. The unreactedgégrumhas a line shape comparable
to the spectrum reported for akermaifit@], which is identified as the main crystalline phase
in the slag used in this studyigure 2), with a resonance centred-Z ppm. A reduction of
the intensity othis band is associated with the progressive reaction of the slag over the time
of curing. In thesulfateactivated samplesesonances betweeB0 ppm and90 ppm are
observed, consistent with the formation of - A-H type phaseas previously demonsted

by 2’Al MAS NMR (Figure 5) In particular, resonances betwe®&2 ppm and85 ppmin
Figure 6 corresponding to 1Al) and @ sites respectively, are assigned tes@ibstituted €

S-H type gel with a tobermorite type structizg, 32] The intensiesof the G(1Al) and &
sitesincreasesignificantly after 12 and 18 months of curing, compared with the one month
sample. This igonsistent with the formation of mof@-A-S-H in the system as reaction
progressesas identified in thé’Al MAS NMR results (Figure 5)Resonanceis the region-

78 to 80 ppm in Figure @re assigned to ‘Gites in the GA-S-H type gel, however they
overlap with the signal correspondingth@ unreacted slag, therefore it is difficult to identify
any trends regarding this site without deconvolution of the sp&itich éconvolution was
not carried oubereg as it remains unknowmhetherthe alkalinity conditions reached sulfate
activatedbinders will be sufficient to promote congruent dissolution of the slad,the
guantification of the different silicon sitean be influenced significantly if the slag dissolves

incongruently.
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357

358 Figure 6.2°Si MAS NMR spectra of unreacted slag and®&-activatedslag pastes with
359 various ages. Dashed lines indicate the positior?(fAD) and ¢ sites.

360

361 3.2.4. Scanning electron microscopy

362  Figure 7shows backscattered electron (BSE) images of amdri@hs cured 1Wt.% NaoSOQ
363 activated slag pastat different magnificationsin both images, light grey particlewith
364 angular morphology correspond to the unreacted #lag cleaty identified that small slag
365 particles are fully reacted, while the largearticles argartially reacted The bindng matrix
366 seemdo be dense and cohesive the higher magnification imagéBig. 7B), the formation
367 of adark rm of reaction productaround the slag particlés observed, distinct froithe main
368  binding matrix. This indicatedifferences either in the chemical composition or density of the
369  reaction products forming around the slag particles, compared to the main bindin{3ghase
370

371
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Unreacted BFS
particle

Figure 7. Backscattered electron images of ami@nths cured 10 wt.%N8Oy activated
slag paste with different magnifications.

Figure 8showsahighermagnification imagef a partially reacted slag partidarrounded by
adark rimandmain bindingmatrix. The chemical analysisesults indica that the unreacted

slag particlewith alight grey colouyhasahigh concentration of calcium, silicon, magnesium
and aluminium but low sulphur and sodium contmrhpared with the other regions assessed
The main bindingmatrix, with a medium grey colouhascomparable chemical composition

to the unreacted slag, but with additional S and Na corresponding to the contribution of the
activator in this region, and with a lower overall density as this matehgtirous and porous

In thedark rim regionthere is aignificantdecrease in the intensivy thecalcium, silicon and
aluminiumbands, compared with the EDX spectrum of the main binding matrix, while the Mg

concentrations are much more similar between the two regions.

These results are consistent with what has been identified in ageehatkadied slag materials
[34-36], wherethere are two distet gel phases in the bindefhe ‘inner’ gel is typically
observed in the areas near surrounding unreacted slag particles, with a darkeas@our
consequence of the lower densatyd reducea/Si ratio of the €A-S-H type gelsandwith

a higher content of Mgich phases. fie ‘outer’ type geforms further away from the slag
particlesand presestalighter grey colour, which isassociated witlthe higher Ca/Si ratio of
the GA-S-H type gelin this region The formation of this multrim structuren aged activated
slag binders has been compared withieseganegtype ring formation, where the reaction is
believed to bdollowing anOgwald type supersaturatioAnucleationdepletion cycld36].
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Energy (keV)

Figure 8. Backscattered electron image of anri8nths cured 1@1t.% NaxSQy activated
slag pastactivated slag pastes, and EDX spectra of each of the regions identified in t
micrograph

Figure 9showsa plot oftheatomic ratios Mg/Si vs Al/Sas determined by EDS spot analysis
of 10wt.% NaSQ; activated slag pastecured for 6 and 18 montHshasbeen reported that
generally magnesiuns incorporated in thaydrotalcite likeLDH product that can also occur
as a near micrgcale combination with-G-H gel[37, 38].lt is clear fromFigure Sthat in this
case the atomic ratio Mg/Ais close to 2, which is representative of quintinite
Mg4Al2(OH)12COs- H0, anotherform of Mg—Al carbonate LDHand a member of the
hydrotalcite group, rather than thd 3atioof true hydrotalcite[39].
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Figure 9. Atomic ratiosMg/Si vs Al/Si in 10wt.% NaxSQq activated slag pastecured for 6

and 18 months.

3.2.5. Compressive strength

Theevolution of thecompressive strength of the id.% NaoSQs activatedslag pastever the
time of curingis shown in Figure 10After one montlof agethe specimenshoweda strength

of 17 MPa, which isignificantly lower hanwhat can be obtained using sodium hydroxide or
silicate activators as has been identified in other stydi@s but which is still entirely
sufficient for waste immobilisation purposes where the strength requiteme not onerous.
After 12 and 18nonths of curingthese pastedevelop compressive strengths of 35 MPa and
43 MPa respectivelyand the ongoing iingth development is consistent with the additional
formation of CA-S-H during extended curing as identified through the various analytical

techniques applied in this paper.
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425 Figure 10. Compressive strength of b8(x-activated slag pastes with varicagss in

426 months as indicatedError bas show one standard deviation amtimge measurements

427

428  Thecontinuedstrength development observed in the samples assessed here demoretrates th
429  despite the delayed reaction taking placthesesulfateactivated slag binders produced with
430 ahighly coarse slag, at advanced times of curing the reaction progresseg tteagignificant
431  strength gain.

432

433

434 4. Conclusions

435  Alkali sulfate activated slag cement has beeess=d in terms of activatoontent andong
436  term curingduration,up to 18 months. The results of isothermal calorimetry for various
437  activatorconcentrationshow that the dissolution and precipibatiperiod can be delaydxy
438 up to 5 days at 25°C, but the binders do eventually set, hardefeaaidpsufficient strength
439  for utilisation as a waste immobilisation matfBhe induction period is not always reduced by
440  an increase in activator dose or concentration, although more concentratatihgcsiolutions
441  do yield a higher extent of reaction

442

443  X-ray diffraction and electron microscopic analysis of the 10 wt.9%58&gormulation sample
444  over an 18 month curing period demonstrates no changes in the naturergéthiéne phases
445  (ettringite and a hydrotalcitgroup phase with Mg/Al ~ 2) present, but &#i8i and?’Al MAS
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NMR results veriy that the formation of both C-A-B-andettringite is increased at extended

curing times as the slag continues to reddtese binders develop sufficient strength for waste
immobilisation applications, exceeding 15 MRa28 days and continuing to gain strength

with extended curingHowever, onsidering the high contents of sulphates present sethe

cementitious bindersleterminatiorof their dimensional stability over long periods of time is

required to assure the safe utilisation of these binders as potential alesrniati the

encapsulation/immobilisation of nuclear wastes.
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