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Abstract

This study expl ores t he -cuasreb corf & chtei M a&etsesr £,0 mac
and sulphate, for the activation of ©bl-ast fu
activated binders as a sestai hablwasafbendath
in the onset of the main reacficomviayed4d48| aglL
due to an initial preferential reactiiom occu
Ssi,t prevendiinng dveei lcadi |l ity and al kalinity ev
the main reacti o(nNAecbdHe sttralce upleaceo®r ma @s wel |
N-A-SH, not too dissi madtairvadatoed Isiorddarm BTihHda cian
and 3 wt. % replacements of slag in the syste
the specific mechanism i s -aucntcihvaantgeedd .s | Giogn vheards
del ay in the onset of reactt omnf, knvhy chhi ndismed f|
t o t hnee unteraarl nature of the activator. Over al
of anaat kaedte sl ag binder is a direct outcom

chemistry.
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i gUu-2RRIOF TS spectr aaootfi watcend shuil.mpdceart..ea2 72 hr

i gu-8LumMmMmary of sl ump di amdtiera.tfedr..sd.acgh7 car b
i gu4@omMmMpari son of Vviscomedtriyv altad.da...d.a2np8ad d ¢
i gub@omMpari son of compressacvti satreangd7aOmploe s

i gu-BRr dpkeengf it analkysivat ed. .. dl.kalei.s..283
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Thesi s Overview

I n response toemhessogsi fromnt h€EOmanufactur

vital t hat environmentally friendly strategi
construction sector, specifically -adkei ca&tmecdt
sl agebisnhave been proposed as a sustainabl e
they often wuti |l i sper oidnudcutsst,r iaasl w.ealslt ea sa nnda tbuyr a
their production, which in tuenbpimdensaiBng
from a reaction between an aluminosilicate g
to as an activator), whose purpose is to in

promote the subsequentodprcd i, piitnatliuadn nagf trhea c

C-A-SH, -(®A-SH, a-A-8HN

Despite their pot-astioal ztm i siC&dnusc,e d tc ennaesn tb e e
al kaline solution is the | east sustainable c
More so, the |l ess commonly wused al kali carbo
reduced catham tbet pypntal ¢ he mihcyadlrso xuisdeeds faol
silicates. Tdhea&r hesre adt itvhaet drosw, however, has

early strengthedaelvehopmbnbhdensthkeimiting the

Optimisation of t-hetifwvamedabi odens @wodbkeamhki m
mi ni mising environment al i mpact i s imperatiyv
and t ackases occeineetnetd car bon emi stsudysi.s Atso sw i dhe
how the fundament al c hemi st rcyarobfo ns | saogd i bui m dcear
and sodium sulphate influences their react.i

through itHhedhmwmasreacotferi sagt iadn eir mms tka enege b nsaoll yi sdi
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various cursdstngt eagteesst ifmrge sftfhor wor kability, an
The inclusion CaO and MgO, i n small quantity
and swlcphatad ed binders was i nvVe gthiegaaltloeadn, a
activators with more commonly used sodium si
performance. The-agrehpnmnoepmenti ecf odarn-ther sdmg b
activators is paramounwhitloe fiompm omwgi negf ftelcd | &

al kaacltii vated cement s.

Determined uscdalgei b@vealndl XIRD techni ques, an
observed when sodium carbonate was wutilised
the precursor preferentially reacted with

carbonate poliymbeaerpends ,t hwehiicrhcrhease i n al kalin
of -AGH. The inclusion of CaO in small guant i f

via the simultaneous for PaStHIi an ®fard gl aigem da

mproved reaction came at the Tdogth ofo mphe st
strength and workability reduced. Mor eover,
sul phate, the taaomtei drorwa s es ioqrsiefti codntrley hi gh
eventually proceed, its extent i's | imited a

incorporation of both CaO and MgO i mproved

mechani smeantuphaseremain unchanged, thus hi
sul pahcattievated binders. Additionally, the use
| oovar bon activators greatly improved their p

nature of wcecdi wvat<eidl b atdeer s .

Overall, the findings from this staucdtyi vvaitleld

binders for tailored properties and i mproved

18



i mpl ementati on of such mat eri-as$ sociinat iedd ucsat

emi ssi ons. Adgdalieenmet pdasliotgayh efsarn gaheon of
reaction kinetics and mechanisms via IR and
can be applied to other cement systems as we

19



Chaptkentdoducti on

1 . Rese®8maclkground
Wi th gl obal climate change highlighting the

around the worl d, the need for sustainabil it

Concrete and cementitious materials are qui't
concrete production estimated at ~30 billior

material,segémdbabhfyy] tCemeatern s the 06glued wi

Portland cement s traditionally wutilised a:
versatile nature: ¢aéaisitso sharmygs hapesa,bland ciag
physical and [c2hei[e3ajtvoastth equsaend i t 1 es of concr

volumes of cement are azdesm spr odhiscdd,omhdadwev ep

colossal, wi%hofanglemb dbnadmims Si on[s4[]&fft ri but ed

As ¢ghepapul ati on i s forecas% bhtyo @ BnéOr deecansaen db yf
construction, and thus cement produataipord, i
urbanisation and i php7tasTBUstwrirkel deeslUbpment a
i n ceamsmtci ated car bon%[edni Blse mefsofe om 8 it® 2i4
altermshat Poet | andnpdenmeemtt ed to mitigate the e

bui |t environment and construction sector.

Various industri al processes, including i1ron
| arge amount sprodduwatss ,e SAtniba voyf f whnebei sl ags,
can be used as supplementaryrepimaoéménbusf mB
cemdratsed clinkers, or as raw materials for

materials through al kal.] activation, eradic

20



associated with tradi taican alatceedmecnetmepnrtosd uhcatvieo
a sustainable alternative to traditional Po
bet ween an aluminosilicate poawdeal kaleifree redl
the Oadtiifeatcycde asaessmanhed obmahkal have r e
CQemi ssions compared to %HAiQglr4dgdhwaevteivem , of nu p
maxi mi se their carbon savi ngd,x afsAeCsb ansuisst, bu

components that are readily available, which

The most common precursors for al kal: actiwv
(GGBFS/ BFS).Wahapdethtglhdsh um precur esudltlaaléei us e
activated binder sgsbemstiuuobdbench aal aA-SHmn sa st mc a
their primary binding phase, which is not to
cemé@$SHiI but with 1increasendg car opsostl e mtkiianlg ,t os ur
performanclkeasetdhanysPtGmsconddfel.5oeeobhdany reac

products includethWpdrphastesteshmfil.AFh6d PC s

Earsltyudi es -acnttiov aalekda lcie mem tesd o maowme rpfrbegcwusresdo r s
where activation was investigated, al kal i S i
l ess commonly wused activator s, such as al kal

further reduce the carbon footprint of AACs

natur al occurrence oOfr produatrieon Twiey iamadu satl
al kaline in nature andantdhusngpacovenphesd harn
counterparts, silicates and hydroxi des. The
sul phates for al kal.] activation of aluminosi
and setting, andstsudmrsgtqluedd v @olomp meratr,| ywhi ch
neutr al p H.
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Il n this study-catrbenusdalt kchabribboensaltoeve Tawvnd | sbleph
investigated withntdee sd ae@ardd enggldiamg naiam efhemi s

the reaction kinetics and mechani safs,t lpehsaes e

al kaacltii vated binder systems. This knowl edge
enhanced performance and sustainability, anc
AACs.

1.Q@verall Ai ms

The aim of this study i s tnoe uwetvradlu asteel ttsh,e seddi
and sodium sul phate, for use in the al kal:@ e
cemarsts odCiGetmda ssi ons. As s uicdendear tlakteenr attou ruen ore
gravity of the environment al effects associ
specifically, Portland cement, as wel |l as poc
Moreover, the @alutseibnatievaectt ¢ evmeaet neidil deierlmb at ed wi

particular focus on acti vatserdsc,doiwotnh att kkeal € o
Current understanding of how the actiiwator i

di scusdbd, sabsequent phase ewoleuteixepn oaredl phy

This is followed by the design and devel opme
aim of the study being to assess t ke tusveatoefd
sl ag cements, an al kal.i acn i ARCODTr mkantowhe t be
underisitnoodhs edcame si luiskealepi ng al | but the aci
al kaacltii vated sl ags wutil i sisnugapdeo dfi curm accatribwantait
tested armd)av alsit di acteade ui nv astieldh esrleagnecessary, cc
activators or repl@ax@mamdvi MdOpltesoubsori nweshi
aim of i mproving performaniceveIhiegaet AACt bobes
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how the formulation chemistry i mpacts the ea

and mechani cRRdacgri mmermeacelsanas ;s eaipnd oskieshuet i ¢

i sothermal calorimetry, diffuse reflectance

andr Xy diffraction MiXRD)stmeaaduwrmremdrst sc.char act ¢

anal ysi s techniques: Fourier transform i nfr

analysis (TGA), XRD, scanniphgde lwe @ithrs@rme emig ¢ rec

X-ray (EDX) speAdamBscmpgi caadgle spinning nuc

( MAS NMR) spgacacttrhesomopyy.,, setting time, mini s

evaluated to study the fresh properties of A
to assess the mechanical performance. For mu
AACe this study as well as those i n |ITihteer at u

experi mentabymasbhddobn ustra

Structural Evolution

Isothernjal Fourier transform
conduction infrared (FTIR)
calorimetry (ICC) spectroscopy

t hiFsi gsativedy 1 s i ||

Workability

Mini slump tests

Nuclear magnetic
resonance (NMR)
spectroscopy

Viscometry

X-ray diffraction
(XRD)

Thermogravimetric

In-situ XRD
n-situ analysis (TGA)

Physical Properties

Diffuse Reflectance
Infrared Fourier
Transform Spectroscopy
(DRIFTS)

Scanning electron
microscopy with
energy dispersive x-
ray spectroscopy
(SEM-EDX)

Vicat setting time

Compressive
strength testing

Figdat\wi sualis

Overall, t h
t he
of bl ast

f ormul ati on

furnace

ation of

e work

s flos up & adiodibmagt chéeyi an i

sl ag.

suitabchrbypynohl khéil cawr bonates

23

Thi

and

ndustr

theoexpkei ment apemedthmdontegygriteria

descri beldi meer dhemil sty ets

sul ph

i nsacgthitv awieldl

al

ba Ir



confronting the overarching goal of minimisi

sector.

1. T3hesi s Synopsi s

Chapter 2 reviews the existing I|literature
construction industry with regards to sustai
the,e&€m ssions of concrete. This narrows i nt

particul ar -afcotciuvsatoerd asllkaaglsi and how the use o

solutions could have the potential to reduce

Chapter 3 details the naltkeacltiaivat aded]| bgr asiam

corresponding formulations, and the analytic
i ncluding -sac aibveivmé t hloadbol ogy f or establishincg
mechani sms i mmediately after mixing. Each te
obtained, how this is applied to cementiti ol

charactérbsadeos on this study.

Chapter 4 assesaestiaatsedi simagi bicdeée to use
foll owing samples to be compared to. Thi s

mechani sms during the initial dnaiycsr oasfttreurc tnuirx
di fferent curing ages betweeniBn anist9dtr esaly s
i mmedi ately after mixing to assess workabil:/
and 28 days for physical tthevelfdépmwmancty. oThis®o dd
an activator for slag binders, havingA-reacte
SH forming at an early age and continuing toc

excell ent compressive strength

24



Chapter 5 explores the use of sodium carbon

50:50 wt . % bl end of sodium carbonat e and S |

sildacat «at ed-rleismdere.d Tdiarhea fr om c aleoreiarhe teray,l
age reaction kinetics and mechani sms, speci
carbamcdateated sl ag that i's delaying the ons

evolution anal yAsSHs dsehvoew so psmeiuntnte @éadsdCrlengt h and
measuremempbtased to the control. The blend wil

performance of-actoidvy atmed agslbagpateomparabl e to

Chapter 6 investigates the inclusion of adoc
guantity replacements of-astagawetdhspst ém wbi
i mproving the performance of saidhlei maderes .of
reaction of the cement system, but the mecha
little effect on the reaction or subsequent
the compressive strength meéadnurrendarctesd, taired w

MgO incorporation i mproved it.

Chapter 7 looks into the wuse of sodium sul

combination of both sodium sul phate and sodi

sildacateated control sampl e. tAmal yalcmsh aathe ¢ dh e
slag reveal an extreme delay in the onset of
in the phase evolution, supporting the | imit
silicate great | yatiemparnodv esdt rtuhcet urreaal c teivoonl urt i on
Chapter 8 explores adding small -azmowmnatt £ do fs |
systems to try to improve their | imited per/

25



the reaction kinetics of thehmimmgiagrt, héh oevetven

reaction and formation of products is stildl
Chapter 9 compares all the binder systems
perfor mance I s i nherently i mpacted by the

comparison of key reaction data measnmaienment s
binding - seandC t he physical property dev
Additionall vy, a preliminary assessment of caeé
determine inHircaltliwe Keyndsesncl useneds asf wehek

recommendations for future work.
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Chaptkert@rature Review

2.CQonstruction I ndustry

2. Bulilt Environment

It is estimated that globally the equivalent
and wil |l continue thi &7 wGuwr rfeorrt Ityh, e trheex tb u3 d t
construction sect ds odc cgluonbaan 8 ceprreaebgeys by d aAr b

emi sgil@dwi t hrigdialt@éichn €©i ons % ipeirny elayf 1. nce

Concrete i s ctohnes usneecdomoua ltneonvsitheé behil B¢, owRPh wa
an estibmaltleidonta@odmuwalsMhyi ch i s 3 times as much
aglol]tinadi tieonRBor bi add wemembtpeegt abrmatstieida |

that is structurally complex, designed to pr
being subjected to thermal , [ 2me.chBajveanbr, an
significantly high cement protmepgeant vioi @& se
concrete used results in undesirable enviro

responsi bl e % of mdrodatthamthr opdp&lni ¢ car bon

With the gl obal popul atiofh erpOcBeb|[ Tbispnowy
too will the demand for mat er i al s% aonfd tchoens
infrastructure needed f[o&] Aaucshu glr,owtt he rdeo eiss n
ways to decarbonise the construction industr

the process.
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2. Suxdtainabl e Development in Constructio

| n 1987, t he UN defined sustainability as
compromising the ability of f@gdajlki grinhieg at i
fair wutilisation of resources available to i
fgood strength, durabiibutymuandal sicotnogna ewt
factor s, | i ke af feoitddbisluisttyai amamdi enviyr dmom s al
modern worl d. This poses the challenge for
sustainable environmental, social, and econo

Faced with this neeéeémtsesswiedowue rrdwsti migali t G
concirredwestry has sever al kbeays esdt redm2 esgsiieofntzBg r g

incl ude:

1.Using alternative fuels angdduwtrpurta wd umaitnegr
manufacturbeaetdPoemeand.

2.l mpl ementing carbon capture and storage (
storage (CCUS) .

3.Maximising Portland cementarcbhomksuppleprhe
cementitious materials (SCMs) in concrete

4 Devel opcargbhdmwal ternative bcementsnkans. ba

The first two proposed solutions encapsul ate

industrhese asmureatteygpiiecsal 'y being expl ored anc
sectors. To er dthdogweavse, t wo f ocus more on <circu
val ori sati on, and are more specific to the b
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Reducing the amount of <clinker within concr e

i ndus tprrioadiUdktys ash from coal combustion and g
from iron andosteetypitedupoiwderl sudfirnagm grhaatsesr, i
concrete itself. However, the amount of cli
around the worl d, but some promising technol
li ke | imestone cad)l cwherdd cbhyt hemehtnkeC is s
and some | i medqdt2ifriked ]Jand gypsum

The develemwiernan noefntaalltleyr nfartiievredlbyi nder s t hat

clinkers may offer the groeatiesst omet ot itehle fc
i nduBnadi cating the need for traditional Por
utilise indupnaodwadt svaand/ @mmirnnagetruaribst saynndowe ur t

carbon footprint associated with the cement
mat erials of an adequate quality, ctamatbearae |
Portdemant i babagde |l suui nat e ma g Abeasstesdm c e me nt s,

activat ed mataesreidal¢st,méanntd 2RijJog [ 24], [ 25]

2. Portl and Cement

2. DvEeTrvi ew

Portl andPC€eméehe most commonly used cement )
fundament al binding el.@8menteofm MmMBPot alaaddcel
penned in 1824 in Joseph Aspdindés patent of 1
with the quality and prestige of Portl and s
emul[a2téef Despi te maintaining the name penned b
has undergone various evolutions of its proc

used today. Modern Portland cement m ©xa dmagnu
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typically -c@nCaOnbwyg2wélR ghti s al so a hydraul.i

anhydrous cement chemically r ga28t]adwdi nlg jtos

wi despread availability and wuse.

Despite its vepsaadl|l usg, andswpdeduction cur
amount semif s LiGons, which are predicted to cor
popul ation and wurbanisation. The significan
t hermal decomposition of | imestone pbatesm t

durinpgrpgeesin[g2liwhehe &ppmoxi mately 0.7 to

are produced per [tDN]n,e [0FO0]Jcl i nker for med

2. Mahufacture
The raw materials needed for cement product:i
mi nor Il ngredients. These materials are extr

pyroprocessing through crushing,egsi mdixnagr a

From here, the manufacture of Portland cemen
rotary kiln, coofl2en], and finish grinding

The ground dry blend of raw materials is fed
rotary kil n, in order to minimise free | i me

this process, the materi al4A@r eohéacetitattee
Tthe decomposition of calcium carbonate (11
di ofi2itads wel |l as the fol Tahbdildh §.11Tehae tp yornosp rded ¢
stage i s responsible for around 0.7 [t200]Q. 9 1f

[ 29] acec®d80hting for the majority of carbon en
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Tab21l®ri nci ple chemical reactions[B&a]the kiln and t

Chemical Reaction Temperature Range (°C)
CaCQY CaO+CQ ~ 800900

2Ca0 + SiQY 2Ca0.SiQ 800-900

3CaO + AbO3 Y 3Ca0.SiQ 900-1300

4Ca0 + AbOs + Fe0O3 Y 4Ca0.AbOs.FeOs | 900-1300

CaO + 2Ca0.SipY 3Ca0.AbOs >1300
The kiln product, called clinker, consists n
alite and belite, along with tricdlab22m al ul
with their cement chemistry notation. There
clinker, as wel | as much smaller amounts of
and some sulphates (calcium, sodium, and pot

Tab22éhases and composition ofwithptbelrPoemkeahdcbement abiana
i s 2Si ©2W3s d&red0/ 27s] ,AlI[ 32]

Chemical Phase Chemical Oxide Cement | Typical Content

Description Name Composition | Composition Notation | in PC (%)

Tricalcium silicate Alite CaSiOs 3Ca0.SiQ CsS 50-65

Dicalcium silicate Belite CaSiOy 2Ca0.SiQ C.S 1525

Tricalcium aluminate | Aluminate | CaAl.Og 3Ca0.AbOs CsA 5-15

Tetracalcium Ferite | 2(CaAlFeOs) | 4Ca0.ALOsFeO; | CAF | 515

aluminoferrite
Beyond the kil n, the clinker is cooled befo
sul phate (gypsum), to activate the cement c |

and minimise shrinkage. The reasubdatimagemnpr22@la
50@0f g and is mar ket[ed7]@ashePomdiuand i @aé menmatnuf a

Portland cemeritensbsve,nepgyttiecplearaltyu rpgeynrsot g e
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processaisngvel |l as in the cooler. The primary

the current trend to replace fospkB] ,.fpelrs, c

2. Hy3r aReant i on

As previously mentioned, Portland cement (S
structur al properties from its interaction
anhydrous cement powder with wphesicwmechahasn
changes in the system, l eading {83%Ruditng tah
clinker solids being highly unstable in the
heat efya,lpad onanFibgeiseced@hei hydration reaction

four di stinct sitnadguecst:i onhepeirmiodi, alt/hper edor mart

acceleration period, and the deceleration pe
‘--‘5 3 13 T T T T 13 T
S 25 .
z 2 I
- 15 4
g
5 1+ — 1
= \ e ——
2 05- Y\ 3
5 omBl . C : : D : :
E o 5 10 15 20 25 30 35 40

Time (h)

Figedbeleat evolution of the, hddsat agnngf t Pertmeamhdncsemeant pe

i nitiialdlugrtd on peri od, (B) dormant/induction period, (C) ac
[ 34]

The-ipprdeucti on period begins at the introduct
i n natur e. This heat release is attributed t
componhnemitmarily cal cium | iuWecetrsa,t egdy pff sruwomm a rhoe  oct

sul phvahiecsh creates a hi ghll2y7]al kla3lAihn e fraBgéupncau se
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gel is also formed from the mixing of the ar

of the al ymBisjate phase

This initial period is then foll owed by an i
sever al hour s, i n which the heat evolution i
and so can be mouldg@7hpndDPpBEsgetdhi atpesihagp,

rich gel reacts with the sul phat[e33]i,n OiBhdad s o

this dormant period has ceased, tda&s3c3ement p
The acceleration period ensues, where a | arg
gr owt h, and precipitation of the reaction p
reactions inxohtiamgi hge cbinhdk etme Ipihtaes,e swhiaclhi t|

formation of cal &GHYymasidl cabteumytdydtrex{@Ge (P

binding phases of PC, as:detailed in the fol

3Ca0.8i(O3in)BA NCaO.MKAD +in)3Cag OH)

2Ca0.8i(02inH)BA NCaO0.9MAD +in)2Cag OH)

Addi ti @dmal Inyg, this peri od, t he ettringite c
monosul phate phase when the sulphates in the

hydration reaction and forms AFnm 3BHaseps8,5]co

hydration continues, the reacting particles
accumul ate to fill spaces between particles,
the material, and marks the tUkheebéerangbdoh peé

continues to develop,-8® thlydrG@Gttiymi @d2.Tay oruemac
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2. Bt4ducture

2.2C4l tium Silicate Hydrate

The main hydratioqgi progughasedi stPenmglt &and ce
hydr a&H) ,( Gvhi ch has a highly dis¢Bdé¢rtedmalpas
up mor e%wtthywnv ®lOume of the final hBd]at TIB® ] as
content of calcium, silicon, and water in ¢t
the content of <calci um, silicon, and water

coupled with the disordeeephapoorti -8t siyst at U

di fficul {38d,pidapdin{4l]

CaO Layer

N2

H+

b
A A 2

CaO Layer

Figa2®RchematSHc wheCe the blue triangles represent t

CSH is often described as having a structur e
and jennite, based on the calcium content of
and thus where Ca/ Si rati 6 sSH rree sgernebalteesr a hdain

jenhi ke phase. Wher eas, l ow calcium system:
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(suppl ementary cem@htwiibua matrecitale).,si @i |

believed [87be {88mMmed[ 40], [41]

This phase is typically described as having

|l ayers of silicate tetrahedra chains. The si
pattern, where each thirds cromtneicn eddonted a¢tahwid
oxide | ayer, instead inhabiting the interl ay
unit associate with the phase. The first t w,

whil e t he Kkianmtlerdme ced gidridgrdg,iat[edsl ]

The Il ength of the siSH cartmsttiapesddntctani nge
where higher calcium contents result in shor

sites being either vbaaclaamntc i oy cobheail ayeg c h

consiosft isnigli caft®7]t,etTrmdh]lesddpace bet ween the | a
all ows for the infiltration of pore water,
charge balanciphg42pby al kali <cations

2. 2P4r 2l andi te

Portlandite is a crystagllwind aal ayemehly dradxi
calcium | ayers are bonded to hy®&r7dXhide phwgese
composes of approifmathel yt o20alt onax&® of hydr a
cem¢dt3]The formation of Portlandite occurs t
phases in the clinker, and it is relatively
hydration products. This high gcel thbiglhi tpyH mdk
water in Portland cement, [ @Ajamdiisntygeicagl &

protecting embedded reinforcing p#téfl] [fABM c
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2.2C41 8i um Aluminates (AFt and AFm Phases)

Il n cement science, calcium aluminates can b
and AFt, whose <crystal st)ruec-g wiw £1 tad tl ioovn f ofr
respectivel y. TihAeF tu s(eAloufmitnhastseetpBiesgrdmst xei de,i gt
hydrate) and AFm ( Asluulnpiimgatteeo X¥ied a ,i it ak lkaooywsoh &l e

di fferentiation ofampiemdB8T7dependent on their

Ettringite is the molsds esnmatdda | tl wp & oafmst hdau rAF
of the tricalcium aluminate in the -rpircehsenc
environment . Et tlriiknegi h ex afgoormesl ,asprricsdnat i ¢ c |

occupy a |l arge praopohtyidomt effdby s & chddl7aigtehi n t

As the concentration of sul phate depl etes,
transform into the more stable AFm type phas

ettringite into monossahnhph&det ¢é st defpeB@&hd e men

[ 4.7 ]
Mi nerals of AFm are structurally similar to
to the | ayered | attice of Portlandite. The n

third dival ent calcium atohm iis ofntseare adl wmitmi
someti mes be iron. This introduction of an e
the | ayer, which is rectified by the introdi

hydroxide) i phpB8@8]the interl ayer
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2 .73 k-atti vCetmeht

2. DVvEIrvi ew

With the increasing concern of c¢climate chang
PC are researched and developed to mitigat
construction industry. A partthrcadaah latyyhkgadwane s
activamed(CAAN, which have a similar structure
their tradif{il@nwilt lt otulme eapched bonuemofsst loa sp
associated with cemerd idtuieous mateerri allts | by aup
and-pbypyducts as wel I[] 1dI1§h en atswridfi cmhe®mwalce men

comparison tandratdhern oaarme RiCidteimownksitgn@dteerdi alns

A
Increasing

Ca content

Increasing Al
content

Increasing M*
content Geopolymers

Fi ga8el assi ficat,i onnscloufdicnegmeAnAtMs and [PoO&]Jt|l and cement ,

AACs ar e materials with good binding prope

aluminosilicate precursor and an al kal/i sol u
and/ err obdyct s as wel |l as naturally weagparron
sustainability [o2]er [Plo%]|]t spadi tiemeabhemi stry o
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i's stildl subject to much discussion within s

the nature of both the sol i[db.0pjrecur sor and t

2. a2z bon Footprint of AACs

A |ife cyclleChkiblessmendgdal ed advantageoQus pr e
emi ssions associated with concreoerpuotdivean i
objectives of the I ntergovernmental CBapel on
PC, and thus mitigating the gl obal war mi ng
Habert aPldanyndibgtund t-patt ageoagol ymer cement
thaw &6f the gl obal war ming po% eartdiadar(yGWPOr
cement, as Tcaab2-3eb eT hsee esnp eicni fi ¢ value varies d

used, i1 .e., the precursors and activators en

Tab23@ he GWP of ampartxagne@deoloywymer andtakgthdgmemt equi va

Mass
(kg) GWP (kg CO;.cq)
No Economic
allocation allocation
Fly Ash 621 3 118
GBFS 621 10 81
Potash feldspar 41 0.1 0.1
Sodium hydroxide 25 23 23
Free water 476 0.1 0.1
Energy to activate K-Feldspar: 38 MJ 2.6 2.6
Total GWP 39 224
Cement equivalent (OPC) 1168 1016 1016
GWP comparison with OPC 4% 22%

A study BblyrRadledkioscusses the wide dispariti
di oxide emiastomatefl akkaht binders KCeported

estimated to reduce the cefent carbon footopr

I n 1990, ebddidddpwirtted t hat-apervabedebionhdat kpt

0.184 t ozweepse ocodfu cCede.t [Dadul&dglonul at ed t hat f or ge
38



taken from | iteratourrea,uctth eornes 89 ewimpeante enmiethi aakl a BC
is used and mwhreen tthgygn a&h i s used compared t ¢
LCA discussed by DyxXOémoa nd% rédend uSidiecigam s@®fr 0G O
for atbinder compar i s onrCrbeettewegeeno pZeeloybmenrd éasn E ¢
bl end avail abl e% oaAbsnhr ami asi amd@ aa®bong on

concrete comparison.

Overaldrnae twh@lreer ange of valxees$ sasoosci anedd swist
reported for these altendathaéet témeet vArgusopa
raw materials, andltt hei eviedenlttithgtptbepeetis
LCA to be conduadteidv aatreodu nade nael nktasl it o proper |
fact omeswever, that i s beyonldnsttheea ds,c otphei so fs ntah
|l iterature surfroatndriinmgt tdfe AlaGsbosner ves as an
mi x design and the resulting performance,

footprints than PC and therefonaes daivet etdh eC
emi ssi ons. That being -aai dvatigd ilsi nmdeertse,r an @
binders for that matter, will serve as a sin
must be identified as toewhalcaes @& cihy sl & dag sntart

based on their performance

2. Ald3minosilicate Precursors

Al uminosilicate precursors fall into three
calcined <cl ays (e. g. meb.akBhéin ) ar@andddadiotail o
precursors incladtusgsthedl!| mkesciopalrisol i d
however, the aforementioned three categories

[ 44]The use of filygcraeadseiangley bpaomi oWesatreryn i n
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states, with t-her pdapbuwgrgodsttechbiisthealt es t he Kk
compositions of the key groups of -acawvmamaedr

cements in comparison with PC.

wt%

Portland cement

Cao fine limestone

Al;0;

FigedaGaGi®Bi0st ernary diagram shawdngheirecgeseraktl asmpsessitio
Portland CemégbR] Taken from

Based on their precursor and -agobsegquedt bmade
categorised into two main t yApSdsH) Lpdvasealamidu

calcium syst(eAB8l Pbamet ae €heir [B&8BiI]ln hydratio

2. 3LBwlCalciumC€ontent AA

According t o Provi[+,8 hhadaM ¥a u mD eswesnt teans ar e
geopol ymer s,Csa wiutbls etth enifr APAi ndi ng phase bein
hydr aA-8H)pNgasevhich is a Ahighdyn#diesomad @mecd,os
gel 0 characterised by its[|[ apnfod Jprhees(sNHpdra sreanoc
consists of Aaluminium and silicon tetrahed:]

composition being dependent o1 5t5He Si / Al rat
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The reacting components typically have a |

aluminium and silicon, ezneaoblliitnigc tnheet woorrkma tTiyog
for |l ow cal Cinwml odesemetAaKkaol in and ot her ce
zeolitesalandml bivy ash [af8] metall urgical sl a
For |l ow calcium systems, t he most prominent
both have similar c¢chemical properties to ea
calcinated kaolinite claysAgda,ddgmeampegat tures

the few preawrns orad eidn balnidalris -phaducts awmd, aas
has greater embodied carbon than other prec.!t
pozzolan anwasasaneo@pfhetdlwe seoal combustion indu

of 28iN@0AIl al though its specific composition i

2. 3HBgh CalciumsContent AA

Hi gl ci um cement systems aamdt &rioilsderc praotdeurcieadl
reacted in al kaline c¢c@ n dicthiilgrisu m Vghyesnt edm sicsu sds
having a Cal/ (Si + Al) ratio of appHA &H mat el y
phaasse t heir main hydration product, which is
cement sSHs)t.e nowe \ASH, pthlaseChas a | owessH Cal/ Si

phase in a hydrated PRIC X ya2t.dlnl . helisehRd.trivteidbdys

Il n theseichl ciemmant systems, secondary hydr
stratlingite, gi smondi ne, and garronite. Th
phases relates to composition ofmpboontehntt hues epd

[ 48]Pr ecur scoarlsc ifuoom cheingeghnt bi nders include met
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muni ci pal solid waste i ncineration ash, Wi

prominently used.

BFS is &#itidhasttem wast e product of the steel
extracti ohb5.f]r®lmgormostl y cgHnsNgQ,s 0eonfdwCAal B,

approxi Ma8BHedfy i9t0s structure being a depol yme

readily used precursor dule5.8]Jo its availabil:|
Slag is required to be of w@actcevthaiend dpadiet is
di splay structur al di sorder, as a | ower deg

activity. The BFS mustr atlism diravaet er diadGainc ,IMg C
as the | ime content of the slag controels the

6007 kg, as specific surface is | mp®4lati[ve6]to

Due to the similarity in chemical compositioc
resear chbaisnetdo AAICasg wa hremacalis®i BrFS afsort hteh ipsr ¢
study. Additionally, it i s emphasised that

reaction, and subsequent microstructure and

solution used as an Oactifvapoeduranar tiher k€ c¢

Therefore, t he precursoas uBRS, haemrdci huritshekre |
speci fi ealtliy aalekdalsil ag binders is detailed i
2. Al4«ali Activators

One of t he mai n di stinctions bet vmedan varadi
cementitious binders is that where Portl and
al kaacltii vated materials requiretiamn.al klad s emes sl

are often referred to as factivatorso for t
4 2



reaction. The primary rol e of-pH henvail rkoan mennet
initiates the dissolution of the anhydrous p
precipitation [o5f8]Aeactviadonngr sobaoat $ onsarwi th a

saidotofacsuftdtesmwtheti on and subsequent re

[ 5.9]

Al kali activators are aqueous solutions that
a materi al similar t o Portland <cement past
hydroxides or al kal:i met al si lhe alteesss Wwudd s:
met al carbonaftz]s and sul phates

With the -actmi ohtaldkabierials to replace Port
footprint of the cement and concrete industr
reduce their i mpact assochated wnatyh bearaldormn
explore the wuse of titear bess acbhammbnlaxt usatdo

environment aja sisnopca catt evdi awiG@Oh AAC.

2. 3Coémihonl YAcWdedtors
Sodium silicate and sodium hydroxeé dleutarensoin
t he producadtoinv aotfe ca| €183 4 Imle &Hmjeédnrtosx i des are prc

electrolysis of chloride saltsor Tghe thaassseidtl, mv a

with the -bcmleedskawndge l ithium, rubi di um, an
scarcity, cost, atnar | oowvap arseod utbp4.8heg dafno rwe me
Al kal i silicates are typically produced by 1

via dissolution of s AA4EBinmidliecorx i td@e h ynd rad xkiad

potassium silicates are those most applicabl

4 3



|l imited production of rubidium and caesium s

silicate, restric[tds8]their use at a | arge sca
Mo s t silicate activating sol utli3oms byr & hleu fsfi
deprotonation equilibria due to tidvel diiest. r iAlsL
such, silicates typically provide a much hig

hydroxide solutions at the same pH due to th

spe¢icés. [ 48]

As previously stated, the effect of pH on th
due to the fact that the solubility of <calci
activaamtdkwl t hhydroxide (pH >14) typically d
and | ower mechani eaaclt isvtarteendg tbhi ntdhearn ssyisltiecnast,e v

pH is appr-bXj®pte[Tthlillsl phenomenon is due to

silicate species from the activator with thi
forming binder product s, and the gel nucl ea
phase, ingdseliuwmtgi ameofdiprecursor and[ 2hus, en

Despite their common use due to quicker set
devel opmenethayldarl kxaildes and silicates are iden
the carbon footprint, as wadtl i vaast dtdh.28 iTphrdoedr usc
production of sodium hydroxide and sodium s

tonnespef €COnne of a¢BGB3VatdpwBAaAd]respectively

2. 3Lo6wr bon Activators
Al kal i carbonates and sul phaactteisv aatreed |beisnsd ecrosn

to the | ikes of sillueates paompehydesxi adaes,) | bi

4 4



study. Carbonates are produced via the Solywv
deposits, which are plentif uwlsewarlsdwiade onoimpr
which shows obvious environment al benefits.
obtained fr om-pmiodiurcg drmr oans tdnebynanuf acture of
including ascorbic atyd. tbespi aettthatoravpo
compared to hydroxi dest atnod bsei Iriecsatoenss,i bwhei cfhor

hardening time and po¢rd,8damdyt sas enigeihr dleivmi

However, due to the natur al exi stence of al k
mined from the environment, meaning their ex
carbon dioxide than that rfrecpyiFued heor t bydmho
growing interest in the wuse of carbonates ar

| ower monetary and environmental 66dst [&drpar

2.3.4. 21 kali Carbonates
As previously mentioned, al kakhembc hbohrgt s 0 ¢
caelvdmre pr vdaaaxreldlon sequestration processes, a

gas emi ssion s & iwhgesn aus€ehi gcho nspsA r% 7son t o Por

[ 618 7.OMor eolveese dctivators have a | ower pH th

silicates, giving potential benef“dB$., wB¥th] r e
this | ower pH is thought to be responsible f
associat ed -awcittihv actaercb ocneambeent binders, | eading
us[e7i2 J7.4 ]

Il n recent years, -ehktecteiave,h dman dioefuigieacmoslieyn t
alternatives to silicates and hydroxi des ha:
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furnace sl ag garnering af{68hiTihfed IvMorrd d wa cdaed & e
of natur al sodium carbonate are more than 2E

be -32ti mes cheaper than sodi7dbmp hydroxi de or

Sodiciam bamwdtieated sl ag cements Frlemuti o eb adanugs
some -<caspsared to those activated WwWvVviei.8¢i1 t he
This slow setting and hardening is due to th
to initiate the d,i swioiluittioeml opf H sd fabgesigmdgs ¢ m c ¢ &
than A2good conseamuususngs udgigee satcs ftvhaarti bhepdoesss
slag must reg&acomwihle tcéei @@tor to form carbo
in order to increase the[gH]VviIi §d7Wheh[fadBéasgee
CQ@ions in the system, the pH of the sol uti
carbonate ions have been consumed, the | ater
hydr eexcitdevat ed [s6l2d g Hlidnldeewesr come t he chall en
hardening processes and the slcaw vattreangtimgd
temperature curing has been proposed, but t|

commercial ly.

There have been mixed observationsacoifvathed
bi ndPeroti sallggested that, despite the | onger s
t he mechanical strength in aged sl ag cement :
hydr oxi,leasraad he contraryet.d80®0hseyviey Pédatma
carbamcateated tailingsageheweengikbeldlerti opme
di splay i mproWwemeamtl bywvweabebmagt i ars ei 0t had tk al
carbonateactiinnaadalkklalbii nderas$ cibimme@gneomyrhssagrme ng

devel opment is very poor and a highly porous
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curi ngomhiihreat if @m mat i bheof a -A-Bghtyperpbastsen

densification of the material, and 8] Rl=]cr eas
Overall, there appears to be a |l ack of compr
use i4acal waltied materials, in particular sl ag
into their use, some resumeasanand abseuwndt con
to the effectiveness of these activators 1is
2.3.4. A1 Rali Sul phates

Similarly to al kal: carbonates, al kal i act

sul phates off er g exeinghmiufsiec asmtv i magtse mtsi alhe sal
from mohi wgi ch, there are estimat efd86Bdpr be oV
a -pyoduct of vmarodowsest 9,ndluiske iailscose rayon,
pigmeniTkBe availability of these salts, COu,|
chall enges with handling compar ed ptroe stehnet sh iag
viable option for a more environmenakhkalyi fr

sul phates in thedddroduij on[] ®7] AACs

However, compared to various alkali activato
activation of aluminosilicate precumresuwtrrsalwi t
pH causing a slow reaction, aenrd a rtlhyu s s tl roenngg

measur p@méht sic®8p,ar[e@9o9t o hydroxBdgoad shil B¢ at
sul pahcattievat ed sl ag has been proposed as a |
containing reactive metals due to iIits reduce

free water due {060¢stf[POaApgite formation
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Al together, at face value, al kal tefdwelcpgh asteg s a

saf@4andle soluti-ant ifovat edebimdtamgakblowewery, s

hi ndered performance. As such, clear under st
the reaction and subsequent physical propert
for use in these cementitious binders.

2 M k-Attivated Sl ag Binders

2. DveEIrvi ew

Al ka¢ti vated slag (AAS) cements are the proc
with highly alkaline solutions. Research int
years due to their energy an®oebhvandnmemeat
regards to mechanical properties, AAS bindei
activated wifbl$odAdditsiomazlat y, these materi
than PC systems when exposed3ft,0 @ dar e utl lpdu

carbonate [mMobrle readily

2. HtZucture

2. 4 C-A-SH

The properties of slag binders are dependent
produciA-SHt pbea€e. As mentioned in the previolt
in nature to the main hy®dHatwieore-AfpiHLCs ¢ pii T alP b 1y
has a | ower €&&H,Sialr Dt.iIBo mpRa.0dCtreech&Ft i vBby
comprises chains of tetrahedr al si hFicaaes wi
25. The chai n-ASEplgasne afhetshee sC ag cement syste
t heSH® haise PC, with up to 13 tetrahedra cor

respectivel y. One of the pri mar yA-SeHi fcfoenrt ean mess
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aluminium in its structure, replacing the si
caused by thi3$f edbSwhiuah iion moé méAdiieadn sbyi nt hteh

p h as2e] , [ 83.], [ 96] , [ 97]

CaO Layer

AA
"

CaO Layer

Figebs8chematic of the gABHdrappaeasdvhetrrrudther ebolaufe Gnd purpl e

tetrahedral Si and Al sites, respectively

2.4S2c@dndary Hydration Phases

Secondary hydrati on-ag@thiasvaetsedrelsaagqtBi md eart sk ail
crystalline phas®RCQIFOHR Y®I)y oti aml csiytset e(mdg wi t h

content, as-tw@ll sasuamuhAlEem(tetracAaMg[ilueny ,al un
[ 98] The for mAti bayefed Mguble hydroxide (LDH
i s via the precipitation of magnesium in the
where positively charged hydrcooxmpde slianygercsarad
anions and wa3]er [MMn9d]egskt esms with high al umi

content, zeolites (such as gismond[ih2].an[d9 &l
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2. AlXAadctivati on Reacti on

2. 408ellview

Studies have shown that -a&dtei weataicdn onf melcehsatn i
often be described in the same four distinc
i niti a-l nductproe peri od, the iiodutiromd,penrin

decel eration peirnduwct iThre periitddl gorprreesponds

aluminosilicate precursor, i . e. the dissolut
i nduction period, wheaned tehxecrhea nigse raenmaornrgasntg edme
acceleration period is where there is typica
and precipitation of reaction products. Thi s

t he matienrsi alo bseog i di fy, hafé@den, [ agfl., dpeteéDbp |

It has been found that in the first 24 to 48
BFS activated with alkali silicate, carbonat
similar to that expected dmgt iPCaf Hroewaeorteirgn t
activated BFS binders during [th8]sTytpiimal dgpe
activated wiQ@GprNoadduHc eosr aNal ower t ot al heat r €
reacti on t hancttihvaatt eodf bsiinldiecrast,e consifsit@at wi t
Consequently, the reaction pr-aductvatedndl algu

are heavily dependent on t[ba8]niatllmé§]of t he a
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Dissolution of Al, Anion species
Ca, and Si species from activator
from BFS solution

|
}
Rearrangement and

exchange among
dissolved species

r

{ Gel nucleation ]

Medium-high magnesium, Low magnesium,
MgO > 5 wt.% MgO <5 wt.%
Layered double [ C-A-S-H-type gels ] Crystalline
hydroxides zeolites

Setting, hardening, and
strength development

Fi g@6Reaction process-aznd vpteduchAsgpbhealdeasm Provis and

Bl ast furnace slag predominantly MpO,s0smntds Alf
[ 1h]d t he variation in content of these afor
mechani sms and kinetics of al kal: activatior
rate of rea@tctowvated sl bigeatee s[albQb6sléwn @« etl o by h
formation of hydASH.alWhiitlestas aweoltlheas sG@Q udy ol
in MgO content results in a higlaeti dadreae bo fn
[ 107]Further mor e, when the MgO conbt@@eaawod sl
reduction in the rateaonfd sadticimaretiosl Bgt bil

initial few lda&8yYs of <curing
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During the first few hours of reaction, the
facilitates -OheUpre@ti hgnodd Cwmhere T = Si or
particl es. Due t o -@ haenddeMdoenp aid@sdigmeg ddofer Ca m
of Ca and Mg dissolves in the-ewaitehed hlaany éir
rapidly on the slag surface. This altered p
ions to enter ftalcae hkeulpk eanasty@memrcd d @emendi ng o
solution chemistry, hydration products form

by ©Odphé8], [ 1[0141]1,] [ 1009]

2. 4A8t Pvation with Sodium Carbonate

As previously mentioned, sodium carbonate ca
more environmentally friendly alternative t
carbonates as activators promoteéo Ohbodedewatk
activated cement systems, which is cause for
devel opment , but is potentially beneficial

consi ddgr@8tji,onlshé@] under standing of the-struct

activated slag binders is |Iimited as these
academia and industry because of this del aye
withaBFBvated with sodi7u/m silicate or hydr ox

During the early stages of BFS activation wi
carbonates and mixed sodium/calcium?icandonat
from the slag prefersinonsal by reactcanibowat d a
aluminosilicate component of the slag |ikely
either a sodiphmasbdBy mianasiylsi@adtl e ne|[ ZapThdadsseg e

phases do not provide the high degree of coh
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and the carbonate phases formed, in addition
from i ClQmacNavator, retard the reaction, caus
once tHhe @Rhausted, the activatingaateiawcdt ed
slag binder, forming the typiA6SHll) aaldcihymr alt @

phageés]., [ 71]

Further mor e, it has -tbherem asatgigwattiealn trhed c ttiheen
sodium carbonate occurs throughXC@scecpplies hg
buffered alkaline environgiemt t hwi Slystleen Imav ¢

the gradual dizwsbhubhi theopoCa€&®ol uteiawn rwe It é
di ssol ved silicat eSHitryqpm tphreo dBIES st o HoawremeC€ ,
evidence as to how t hi sd naencdh athnh esmrm mri aychet e dose ¢

mont hs off7X]e,ac[t8 D]n

2. 4A8t Bvation with Sodium Sul phate

Therel st er est i n sodium sulphate for t he &
precursors, due tonehti al apdi habiehd ecyhamdmnne
to handle, and |l ower in carbon intenesipgr tcon
al kal i silicate&] ,an[d8 Hlgdew&Ti]Jdetshmoddad mateene p Hi
| owers the amount of solubllkeisstbecaatel edsed
the setting time, and eaadtyi wadtreechgs hags vet io

sul plheatle, [88], .[89], [112], [113]

Al kal i activation of slags with sodA-SHn sul ph
typeruwittumea | ow Cal/ Si rati o as the main re:
[ 81],. [Delp4elnding on the chemistry of the sl a

53



sodium -satl phated sl ags is ettrimwgi.t% @&mean Atlh
cont ent i s tiegah, ngr | aaylephatoawbl e hydroxi des
Mg O co[n&7n,t [.BI8Bba<shieéi@Edoéund t hat a gASHter (gLt
phase formed when the activator dosage incr
ot her studies revealed that slag fineness a
reaction kinethiachsetofvateoedi[sBidgd g.uAlfpliadidigh t her
increasing interest in utilising sodium sulp
knowl edge o f how the f or mul atsitaorugrtcdnpeari tsyt r

relationships.

2.4n&l usion of Additives

It has been found that, al though | imited in
sodium carbonate or sodium sulphate in the a
that the rate of reacti on,mesnet tairneg |teisme ,t haamd
cementitious binders applied in industry. As
performance of such slag binders can be i mpr

footprint and eage t dhfersdewatmmedalr ngaltthatafufsor d.

Quite often where the desired performance of

(miner al or chemical) components are incorp
compoitme sal umi nosi |l i cat e pirnachie stairm amfd iarmgkra
one or mor[e4.8prFop e retxiaeamsp | e, superplasticisers

admi xtur-act nval €adad éndat empabse the r hleblI]gy ar

[ 118]

54



2.4l Acllusion of CaO and MgO for I mproved Per
With thetkhmdwlad kggd i hydroxi des and silicates
activated tshteaegbsygatiems, of thegsardoni agtovatw
been explored as a happy medium betwegéa] perf

[ 79], [119], [120]

Similarly, it is quite well known that sl ag
phase assembl age, and maeccthiavnaitceadl [spl 046dpCe& § meenst
[ 110], [,l2dadrti[cri2drly theorCt®OntsMgd, andidAlk
incorporated calcium oxide and magnesium O0X|
al kaacltii vated sl ag syst emsi mpnr oovredde rr etaoc tiinmopnr okvie
shrinkage, and strength has been noted for
activated|[4RBH2 Dli ndeudi ng those actf[ilv2zabt]ed wi

[ 1207] sodi uml2b] phate

MgO is typically wused for the i mprovement of
increase earl Accendt n gcatwawipAIRBé#hse. r epl acemen
with 5 wtvedgOfrecdaced the drying shrinkage,
increased early compressive strength of sl a
hydroxi dvorkloemd., [alH¥500und t hat the inclusi ons
guant-bt wes %4 greatly acceiC&randSKhd htei \haytdedat s |
due to an increase in pH of the systems | e
cumul ative heat of reaction of AAS. This i
reaction products and the demwdardtilcyati mpr ovfe

mechani calThgrsepdrithide m.gs areet [cdbl24]Jobor ated by
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Similarly, the addit-aonhi odtedlsiagn systdems nh
positive results in terms of reaction kinet.:
Il imited changes i hl8iTdrgi Mcmeaser ememescti o
formati onxfoafci Cda(t@H)i ng t hedamd af$il@nB |Reatuvedan
workability and setting time has been noted
aluminosilicate causing a s hor[tla2g2e]lF wrft hweart neorr

Wa ngt saillggested that the inclusion ofhC@.5 wt

significantly increased the quantities of hy
and a higher compressive strength. This was
|l ow crystalline calcium icarm bofn a@G@®f pahceidcl eNsta abt yi T

the formation of <cal ci u#iKiel [pthzaG shydr at e an

Overall, though | imited in study, it has bee
al kaacltii vated sl ag binders can alter the per
reaction kinetics, setting toweVvermwortklaeoidx a gy

appear to depend on the mix chemistry.

2. Kbey Reseaamd ASampss of Study

|t i s evident that various approaches must
concrete industry, and one of those approact
reliance on PC. 't i s reasomiabd er ttoh astu gwielslt
role of PC, and so a variety of cementi ti ou
repl acement of at | east some proportion of |
effect of the concrete industry.
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One of the most promising afatcern wvattiedes | @amgo pao
to their key hhnadiogguphaesethatngf PC, howeve
strugtaperty relationShepe dhebkcer mateni il sanm
and then used in practice, al kal i silicates
noted for contributing the most to the mate
commonly wused laliibamotress dnd&kesuwllphat es, WO

carbon footprint but have been |l ess studied.

This forms the basis of the research study h
the | iterature review are summari sed bel ow,

study.

T Studi egxaofbhohoviat keaeht ocar bonuaiteen tainfdy stul gt

reaction is slow and resulting structure
is clear lack of fundament al mechsani stic
such structure and properties. As such, é
fundament al chemi stry governing t he rea
subsequent phase evolution and physical p
f alciitate further study into optimisation

reduce the carbon footprint

T Some studies have proposed a probable th
carbamcdteatediasl|l mge fbe maretrisal reaction occ
after mixing, whereby calcium ions from t
the activator to form calcium carbonate p
in alkalinity required to induce the forn
theory, there | acks clear evidseaoadhertoiwse
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need fi@rnitmmestigation to validate the sp
verification is necessary in order to exp
associated with t Rhcearlbiom taecdt iuvsaet ocorfs.such |
Al ong the |l ines of improving reaction Kkir
have been proposed where activating soll
mi nerals are added to the system to impr
explorleowhowon asodwvamocar boniactoemba nnde ds uwipth
sodium silicate affects the reaction an
devel opment , as a compr omi se bet ween p
Additionall vy, moOnamnai kdegy®dado mp oveist iCon al co
sl ags and iawthdr blei ncherog porated into the
i mproving the reactaohorki-m®sedabowrderhse. |
primary overarchi mg aasismsef viihlibs | stydyfi =
while reducing the carbon footprint of AA
be used as replacements of the slag prec

footprint.

These gaps will be addressadtiwvmatecpadiagomiHt

W i

| act as a control formul ati on due to its

industry in aomandppbetapiddP)]
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ChaptB®at 8ri &I xpeanmndenhalds

3.Materials

I n this study, the choice was made to use ce
any effects of sand and aggregate, thus simp
study to be on the cement dsitaedgdlafs.t Asursnuache, s

al lmasloil .t i on

3. BFS

Samples were made using blast furnace sl ag s
composition, which awasf | deotrersmiemedcT & P33RK) , IS
The particl e( B$Uzdes ddiestterrinbiunteidonusi ng a Mal ver

of the distriFbwytGiitaemdi shehownr ¢ sponfdibB2e value

Tab3l€hemi cal composition,h owh®&F& MO eir sni nleel lbys XRon i
. : Minor
Component | CaO | SiOz2 | Al203 | MgO | TiO2 | FexOs | K20 | Na2O Comp LOI

Mass
Composition | 427 | 372 | 102 | 66 | 0.5 | 04 | 04 | 03 | 03 | 12
(%)

The same batch of BFS is used throughout thi
composition oftB&tSchvaandst hatethore perfor ma
resul ttarcdg i avlak eldi sl ag bindersovacympasedi om
The chemical composition of the BFStwsleceshe
expl adl ikaagytii vat ed,whleagP StDhradse r 81 so i[n6 94 , s i[mi5l]a

[119], [132]
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3. Ac2ivating Solutions
Fidefferent alkaline solutuensgwéehésededaglen
silicate, sodium caribohhee, aantdthseodbobesm aat ph
wi t h e alchhe optth eorf. each sol ution was deter mined
S220 pH meter, and tThheéh88 values are reported

6 2



Tab33@H values for activeaXiofg ascdliakaétomorrisn of r 8p wit c &t ddaand

Solution pH

NazSiOs 13.09

NazSiOs + NapCOs | 13.08

NaxCOs 11.74

NazSiOs + N&SQOy | 12.96

Na:SOy 8.25

A commerci al sodium silicate solution was u:
Si.ON@, is equal to 2.0, and hawt .t¥%®eH fivd . [BO wi n
NaO, andt 2%..BeiOoni sed water was added to the
wattesrol i ds mat iuom, hygmd o iadded efddn le¢|oestodo uvpear roall u c e
modul usThd <slalOuti on was | eft to mix on a ma:(

pell ets had completely dissolved andA)he sol

For the sodium carbonate activating solutio
(Fischer CB®i eNGIQ) f iwa,s di ssoseve dwaitlearbdeaiad moir y

temperatur e.

| n cgntfroarst sul phate solutions, reagent gr a
Scien®Pd i@ was didesiod wiadled nwhi | stAC hemtad t
magnetic stThirers dlowtapd reotweadsolttbhaebnor at ory t em
( 2/Q) before use. THe waesmperbktocted obasdd o
characteristicas od fsowmé¢tuimomsudfp htaermpert ur e.

sodium sul phat®2Q@ dd&dHa hayldsatkndwea as mirabil it

a higher solubility than the anhydrouast form

6 3



32/K4 where the solubilities are equal for b
sodium sul phate. Beyond this point, the anhy
decahydrate form, and th¥refthree,coaipl at d e thp ¢
anhydrous sodium sul phat e, and any sodium ¢

ens yrle3md ]

For solutions with a combination of reagent ¢
sul phate) was dissolved in deionised water
(sodium hydroxide dissol)veanldi awisrogli utmm e600bi ¢

temperature before experiment al use.

Fi g@34shows the FTIR spectra for each of the

al kaacltii vating slag samples in this prcommect.

lcorresponding to t he-Hb erochidn ppf e Wapé&etiryoneatht |
containing: sodium silicatemMhassoai pe-@d iwnt h
stretchi n[gsav]i,pr[albddM®jom car bonatcediasi tas psepaekec t:
assigned to the as@mimends cofsttrielcitld nlg chradddt 2« |
sodium sul phate has a pedaakl iigmi hgs wsphcthem

stretchi-hgbaorfd tvhiet ISi[nl 4s3u]l.,p h[alt4e4 ]i on s

6 4
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3. 1Ad3itives

Various chemicals and materials can be added

the overall material. The function of such a
reducing setting ti me, i mprovinng hf lsuiidivteys,t |
additives were incorporated i n o+ader stud pihmactre

activated slag cements so that their perform

in practice.

CalciumCa®d®hidemagnegMg@roxi addhosen as appropr.i
this experiment as they daa@vevpt evd a ynspltrgomisee etr
hydration and mechanical pr operqtuiand(.ilt Taensds e

3wt) , where they repl.aced the BFS in the sys

3. Sadqmpl e Preparation
I ni ti al f 8rymuweartei ohessi(glned to be comparabl e
mi crostructure and nanostr uc tbuarsee do fajcAMQ/sat prr

[ 69] , whiéte sodium silicate Wast esredf @arsmual ac
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designed witht-stdlei dssanreatwaot eand activator do
anal ysi s. Fortabli dampWwés) wateo is 0.4, and
NaO of the activator relati we. MAdbrtnue ama sosn so f:

det aiTlaeb8-4ei n

Sampl es were mi xedshwearm minxewve(fHeiadohpmhgfh®RZ R 2
10 minutes until a homog e nteroaursstfmeamdrtOed ef not rrn ef du. ¢
tubes and ACufed saet 20mase unhial actodsritidstaet i o1
characterisati on, sample pastes were transf

manner to acquire early reaction dat a.

Tab348 u mmaraympodfe sf oumedat hohbi s study.

No. | Formulation Activator | BFS | Activator | Additive | Additive
(9) | Na0 (g) mass(g)

1 |BFS_8% SiG N&SiOs 100 |8 - --

2 |BFS_8% COs NaCO3 100 |8 -- --
NaSiOs +

3 | BFS 8% Sia COs ('\'5%2:%83 100 | 8 - .
wt.%)

4 | BFS_8%_SO NaSQy 100 |8 -- --
NaSiOs +

5 |BFs 8% sia so (NS%Q:SS(S“ 100 |8 - -
wt.%)

6 |BFS_8%_ COs 1% CaO | N&COs 99 |8 CaO 1

7 | BFS_8% COs 3% CaO | N&COs 97 |8 CaO 3

8 |BFS_8%_ CO0s 1% MgO | N&COs 99 |8 MgO 1

9 |BFS_8%_ CG0s_3%_MgO | N&COs 97 |8 MgO 3

10 | BFS_8%_SO_1% CaO | NaSQy 9 |8 CaO 1

11 | BFS_8%_SO_3% CaO | NaSQy 97 |8 CaO 3

12 | BFS_8%_SO_1% MgO | NaSQy 99 |8 MgO 1

6 6



13 | BFS 8% SO, 3% MgO | N&SQ: |97 |8 MgO |3

3. T”22sting Methods

3. HaX¥dened State Chemical Analysis Met ho
3.2HY$diLati on Stoppage via Solvent Exchange

Prior t o raenaacbtfisocne mehhieti ous aatdipd efsr emau swa theer
por e snoulsutt iboen r Eme v ermosttoobpnppage i s to remove e
the pores without removing the water present

mi crostructur e oy drtatei ooma thsaalimpilregs The a desir

characterisation methods, where experimental
and it is also utilised before ep[o3xdy] ,s atludr5a]
[ 146]

Sol vent exchange was used tst stteo pdddlRy hi¥E8Dat
NMR, TGA, -BBEDvd. SEaMnpl es were fragmented at seEe
i sopropanol for at | east 48 houm$ oamedenhenne
anal ysis methods. Once dr graomdanpil edndwetrer €6 3

FTI' R, XRD, NMR, and TGA) or moeEDX.ed in epoxy

Al t hough sol vent exchangeesftarbl hysdreat itcerc hati
t hat solvent exchange has its | imitations,

occur and therefore, the acknmowledgementspet
possi bl e, partatgiec wlaargl) e sf[dlodveevaerl,y t hi s i s mit
same established method outlined in the prev

Further mor e, there have been various discuss
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when it comes parTGAul ar the | ayer of inorga

l ead to a greater amofuh4[7]o4f9 Jichaartb obneaitn go ns aind ,

study, TGA is wutilised for indicative trends
and as previously mentioned, because the sal
across all sampley, camy bpos®eishll ¥ edli $0or syaner

3.2The2mogravi metric Analysis (TGA)
Thermogravi metric analysis (TGA) is a met hoi
either as a function of increasing temperat:l

for the choamatceriralsatiby identifying phase

decomposition, oxidation, or dehydration.

TGA is used in the cement industry to under.
and quantifying mineral ogical phases of t he
study, TGA can be utilised toegqeant ihfy\drhay ers;
decompose in different temperature ranges du

t he degree o f carbonati on within a cement

characterisfilbOtemperatures

TGA data were acquired wusing a PRmegr koifn pEolwdeerr
sample in an alumina crucible was t ®pCIl oaded
at a r/&teeof mMiGute undempar nint bagenadh!| bwoohe
hold was applied at the start and end temper

the mass of the sampl e.

6 8



3.2FbuBier Tr angfForria®)d stf rrcas ceadp y

Fourier transform infrared spectroscopy i s
identification and constituent quaftbefweathi o
4000 and)tshorlougrm a sampl e, where some of t h
remai nder passes through and is transmitted

a Fourier tr ans)faonrdm t(hhee naches otrhbee dn awraev el engt hs

a spectrum, of either tsramsfmindtaincre o@f. wbsol
Within the material, covalent bonds absorb t
in turn facilitates the stretching and bend
characteristic wavenumbers, addenherehmeef &

consequent mol ecul grlb5sltfructure of the sampl e

An infrared beam is generated and passed thr
beams. The incident beam is reflected off a
within the beam, while tha defriroctedhizes®mtiwD
convatgd he beam splitter creating a single
constructive and destructive interferences.
where wavelengthsearsetabsbérbegdeaciekBaonact he
beam continues to the detector. This signal
an FTIR spectrum that can be anal yskidgume con

35aids in illustrating the how FTIR spectros
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Fixed

Mirror
Beam
Y  Splitter
Moving
> ) > Mirror
IR Source
A 4
Sample

Detector

Figgblel l ustration of how FTIR spectroscopy Wwo

Due to cement binders havd ngkan amowughoue® an

di sorder, the |ikes of XRD and other technigqg
l'ittle insight i nt os ttrhuem tedavwaurr k. o@n tthhee nmatt hee
spectroscopy does not require | ong range or
for characterising individual bond environm

mateflalp

The Ther m& NS aciBdingts fRTI R Spectr oimeeé atrhielv nus e
environments present in the cured, ground s
2000 tola50@ resococlnuatnido ndbdeal 6scans to achiev

bal ance-taoafoi siegnal
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3.2Xtay Diffraction (XRD)
Xray diffractiaest{XBD})i ve analoynsi s techniqu
information on the crystallographic structur
phases of material s. 't wor ksauncen off henommicinc io)
X-rays and a crystalline sampl e. A asyasmpa ned naht
scattering angl esr aaynsd lienatveinnsg ttiheds noaktveerailka X ga
crystalline structure of the sampl e.
More speamohiocdl leyrgayt albce axm wi t h a whnghei swasem
the characteristic distance ofi ¢ hei rad otmad ¢ tsqg
s abdmpMhetnhienci dreanyt bXeam encounters the crysta
di ffraxtatdoms present in the | attice planes
accordance with Braggbs Law, the difnfd aated
characteristic diffraction intensity is prod
¢ _ (CBOEH
where n is a positive integer copir® amoadad®i ng
of the 4+agisdent i ¥ t hedilsattthiec ea nsgp ac ibnegtaweaemnd t
beam and the ciYSL2AIn lidtltuisde apgli ame skfi gBr @agg o
3-6.
The resulting diffraction pattern can be u:
typically analysed with reference to databa:c
[ 3.4]
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Incident Diffracted
Beam Beam

Fi ggéRemonstration of Bragg's Law.

Typically, quantitative XRD analysis is used
cement for quality control pur poses. It is
phase changes during reactitoon raaw [re3eit]de,n ifal 5603f]
[ 154RACs XRD analysis is often usASiHpthogsiedent
secondary hydration phases in the form of ga
to sampl e [&6®&1]bhonartliDom f[rlebcStjlogrcamyated bl kRder

distinctive diffuse Z&atmenreé nge bk @@&Eaif 18 an

higll cium Dbinder systems, I ndicative of t h
struoata wal k6] , Hawé&vyer, due to the priEmaril.y
activated Dbinders, It is often used in conj

FTIR aAndtDdGverify findings.

XRD patterns of ground samples cured to spec
XO6Pdritifraopemane BBragmt ano geométagi asi om S0
gener atlked anmAd4dbWhi ch has been shown in the
parameters when examihiBgPAcsmantMBEowas mate @0
with incrementansofRel® ®Bhlope identification w
DIFRAGEVA sofathnwlatteéhDeD PDF+ 4. Fdat gatheesesake of al

di ffractograms were normalised between 0 and
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3.2Nlbcbear MagnetNMR)Resbnascepy

NMR analysis involves detecting interactions
(i .ezemonspin) and abpwprdiireg armgMMR i expgerilmdesnt |,
in a magngtand pukbds(Bf radiofrequency radie
spin, where the electromagnetic response pro
states is measured. This electromagnkitclk res
is converted to anpNMRatspent mdimabyotume eapt

contains character-nstglebouvursoatomies v inrecanrm

D
x

perience slightly different magnetic field
resofargaencies are dempetlkdtiage at ahemée clahowt

on an ext e[rdn2a]l,. s[tlabn8d]ar d

For solids, NMR spectra are broadened due t ¢
t he chemical shielding and quadrupolar inter
be applied to reduce broadeni nsgp.i nThhien gk e yMAnse)t
which a sample is spun at saon tahnagtl et hoef d5i4p.o7 4al
suppressed and both chemiocalersigiualddiupg! ami $ o

remofveal] , [ 158], [159]

NMRal |l ows the identification of | ocal chemic
crystallographic order of the material, whic
tdnappl i obticementit,i oONNMR madg er hat sument al I n
mechani sms and Kkinetics, and structur al evo

cements. And so, mMu ol @d cktaifviaitnetde relsa g tHnicd duedres

2A1 , 28h 1t 60]
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Soltlsitdat e sPhlgh?dinpauglisce angl e spinning WsMASH) NM
a Bruker Avance 111 HD wi0tOhmmap 48 0d o met®assaatc e
pol ari sMABopr BB)produci ng a MHadrd®wlr dmdeque.n!
MHz f®iPAl MAS NMR spectra we@e nonerEil2ded i v 8|
excitation puwl sree,l] aax amhd aosnurdeed a5, a t ot al of !
of kPZ2%i MAS NMR spectra wWaresehelcR@oweedad $iom
pul se, a spinkiHzgs $rPelealx aotfi oln2 .dbe | ay, Thaend a
chemical shifts were compMrA&RId{:XO©r2dd| ksxpteert I al

and pure tetramet?®yl| sipleane a( TMS) for all

Gaussian peak pded¢ohwediSuwteeV\R sepedctora. The n
number of peaks possible were fitted, and t
maxi mum ( FWHM) of each resonance wer e requ
deconvolutions for al | samploe sh.e FReoanks i isrteexnt s
structur al constr ailnitnsk edde sscurbisbteidt ubtye dt hteo bfea rnt

f or( NB-SHp h apsreo dlukg@ sso0 as to fit the foll owing

0 pd& cO pda

0 O pdba ¢O c¢cO pda

Si X resonances were resolved and fitted wusin
constraints for tetr-A8Kdhagreodiucgist espl wist hainn

resonance to account for t he Si sites in ren
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Using the CSTM iP&i cWMAPUNNMRIi spewital deconvol
mean chaiMCD| emditSHAl (r at 4 o n &-€ N scsan be cal cu

using the foll owing equations:

0« U po «
"YQ O 0 O pdba O cO pda

3.2Sta6ning EI ectwi c&rm eMigeyr ddd esap esd tvre0 XENI p y
EDX)

SENMEDX i sdeastnromcti ve analytical technique for
at the micro scale via elemental identificat

a focused beam of -eésctubhndni mmggedbteahsgmp

topography, while EDX analysis is used to ac
A stream of electrons is generated via an 06c¢
using a serious of electromagnetic |l enses. T
surface of the sample, whersa ganeaveri sl giemtegrad a
the type of i nteraction undergone. When el e
emi ssion occurs of secondary =electrons, bac

ener gy dirsapyesr s(iBEvDeX)X fKthmet examsnhady on of BSE

rays are used for characterisation.

BSEs are the result of elastic collisions,
within the sample. Their signals can disting
to generate iIimages with compagketi conafkesponndas
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intensity of el ectrons, whi ch i s proportio
AdditionaadyydenaectXor can be ursa&yls te@mictotld dcftr

specimen due to electron excitat ioovni daen ds etnhe

guantitative analysis on the el ement al compc
el ement al maps, | ine scans, or point anal ysi
I n terms of cemebDX phemi desy,vi SEM i nfor mat

including the degree of cement hydration by
hydration productphasteaomocgemrei thomofjemndiety of
Additionall vy, this technique can be used t
materials, including information on miner al

phases, phase assarmlolsage,onarmnd] mbijafjldiddd | phas e

BSSEM was condubowedaoasumdhamcdhht TgM3030 <coupl
integrated Bruker Quantax 70 EDXK Vadnedt encotrokri,n ga
di stance oSamBpl5e tpr @panmat i on eidnevrod nvte dp arsotuen tsi a
in epoxy resin, followed.®f frnndhngsand ac

suspension. The polished sur.face was car bon

Vi sual observation of the EDX spectra for ea
siginmdi se ratio was sufficiently high that t
to the signal . pE®dXesae¢d weirmegptole Quantax 70
di stributed selection of EDX data points acr
sampl es. The EDX data points were normali sec

singlegpai mod %000
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3.2Chbmpr essi vMde &84 ureenrgd rt s

Compressive streagthvatedetbtemeatt phkaks was
days curing, accordi[nlgoSt]o goomeneed aAS DM € @9
foll owed, as cement paste samples were used

mi xtur e.

Cement pastes were mixed using a planetary n
50mm cube moulds, sealed, and. pOmcedhamdeaned,
after 24 hour s, speci mens were demoul ded, r

testing age.

A ControlS§S. Autamawasaludad mMei th a Nl padi s coad
Cubes were placed between the gmarsal Isailr fmlcaet
to the side of the instrument, t ocaesnts user ftao
to meet the parallel platetatemengt hrvapluoeat

value reported with a calculated standard de

3. Fr2sh State Characterisation Methods
3.2l 801l h€omdul cCtail mm i(mMeQ@Q)y

| sot her mal conduction <calorimetry (1 CC) i s
production rate during reaction processes, i
The heat generated during the Itcehremalc ad omrcewlactt
a heat sink, which is maintained at a const :

an analogous referengdgd6dmpl[d67dnning in par

|l CC i s a sensitive and versatile tool used t

reactions being highly exothermic in nature.
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of heat generation, showing the reaction mec

phases, of the cement hydration process. By
f ormati on, this method cancheé oms&d neftorcsex am
effect of contaminants and/ or admi xtur es, e
control

I n this study, the TAM Air | sot her mal Cal o

temper atAulr,e toof f200 | ow the heatuplpbbups. thk
cement paste was pr ey &ripandy cfeadlulroey i mbbe f sobr eep B2B00 W
transferred to a glass ampoule and into the

in a gquantity equivalent to the mass of wat

flow are normalised by the mass of cement pa
3.2DkfRPuse Reflectance Infrared Fourier Tran
Ti meesol ved data provide continuous informat
preparation (solvent exchange, dr yli irskpef  gr i n
i sot her mal calorimetry takes continuous me a
reaction kinetics, however, it T disssalfdtiicaurd t

preci gthati emn occur si mul t anuesoiunsg ya dtuercihnngi or
FTIR omeasodiaveeeds wi |l |l all ow thei at,g dtyhuroofu ghe atc
tracking of changes in bond environments wi

reactiomveroduates

Diffuse reflectance infrared FHRaoura etry pter amfs f
spectroscopy, relying on scaWt ehingtbt BpEtca

an infrared beam strikes the sample, where t
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some of the beam is absorbed in the sampl e
transmitted into the sampl e. During the | at't

returns to the surface, and thoat tlergdd leinghty

directed et eaamndonttharresul ting data i s proce
typically wused for analysis of powder sampl
traditional transmilses @enwimeh hoadsghi et uadc eg
[ 168]

Despite it s DIRMpgFiTcSalwawss euss eds i therd hnisq uwsd utdy sts
initial reaatiiowat eodf caelnkeanlti pastes by foll
environments with tiEn\i.cBTihét5 TEEFr RoSBeceno méi
used with a PI KE Easy Ripfefc tartat aacchrnoesnst atnor anmegaes

lat a r es almatnido m4bdeal 6scans t o achieve-an ac

tooi.Samples were mixed and promptly | oaded
spectrometer, and spectral scans were measu
mi Xi ng.

Earalgge changes in bond environments are ess

reaction mechani s pasc tfiovra tseodd isu na gc abri bnodneartse, wh i
a preferential reaction induciong§ the ohadec
previoup6%lt ddjees]nt ervals for DRI FT&ospactmowa
align with the initial heat releas-actdentedti

slag bnndéajfswsemuwayt he initial reaction peaks
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3. 2XRD3n situ

As previ ouslryaymednitfifornaecdt,i oXn eiva | puhaacseerfpwls i tt o coln
of cement sampl es, ariedacntgi dm prhoedaweesn tdiinfdfcsatte
curindl @epgev.i ousl y merstoil wreedd ,metaismea ement s fro

techniques can aid in the understanding of r

Typically, XRD isst actoen dsuacmpelde so,n asnodl itdhe par ame
sampilre st hi snepamno jae dtto,tmeél ~s2c amour slowevesampobest
reaction imeceaahushmsrter tot al scan |l ength i :

cement suggest dissolution and precipitation

early age, i . e. in the first few hours. As s
recent yedaarisamfadry st bte ofe acadednyd however, t he
exi stence of synchrotron facilities worl dwi c

Consequesnctallye, diafbf r act omet er s aarae | nacbal ee aafnfdo r ¢

proviwderarlasur ement s.

The ratiywa&s osh@rtened and time per stepnsi ze
order to effectively ifmlwlhoitnuet hnea irnetaacitniionng nae c
l evel to det eAN mianneg ek edi& pihka steabe 85 i f i et egs of
reaction products, incktadchgmsomeboahtiesmaan

amor phous f eaCA%SH aitmntadne bpuetre ds tteog os §lz dhevwaas nrge «

a total smamot ems ame eahHhleda ween scan tianse and
wel | as Qrangetabkbkéept¥@ixdwaglaxpgewdseareng!| e was
measured using these new $cgmlBrear ameters, wh
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—— Method 1
—— Method 2
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15 20 25 30 35
20 (%)

Fi gBTGomparison of methods Wwher XROMatalt ad akd uiissitthieont ypi cal s
anal ysf2da{d 2 hours), and OMet h-sdt @6 mi s s iBiB2vVimsindo <It5¢ fird ch ss)c.a N .

the same sample was used for this test, however, when test
occudueidng, shenaget he more AMystalline feature at ~29
Al ka¢ti vated cement pastes were mixed foll

procedure and transferred to a sample hol de

pieces of Kapton polyimide film toomprtivenai ma
The use of this film results i nA2aé,brhooande veemaq
crystalline structures around this 2é& value

3.2MRn#4 Sl ump Test s

A mini slump test is a fast, simpl e, and wi
cementitious pastes in the fresh state. Typi
the testing materi al ( c e mesrste)s,s amdv tthen ntah e
Neglecting inertial effects, the cement wil/l

when the shear stress due to flow under grav
mat erli7a2] , [ 173]
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A mini slump test wasactownwduetdedmmedibdpelby ad

mi xXing to determine the workabilityym, Aadawns
internal top and botmnm m rdeisapneectteirvse | oyf, WA sa rudc
slump test. The slump cone was placed on a

before the cone was thememlisHted|l asv si amley eas
using vernier callipers in two perpendicul ar

with a mean val ue ddvidataimen eadalanuwl &ttt each dfacrd e

3. 2RRBebIMeg@ysur ement s

With regards to cementitious systems, rheol
characteristics of the material, which can a
rheometer can be wused to measuiredhbdbwr @aesv,i s

providing an -snsaightrehaopi sngkisps to under s

properties of the material. Workabil-stygtes a
utilisation of ceméemtanpapotresat iiomcgl|l podiumg nfggr p
the binder, and as such, rheol ogy can be 1

performance of the materi al

Il n this project, the acquisition of a shear
paste under goesNeNetwtnoinananb eohravnomur, [ 49 4Wwel |
Addi tionall vy, cement pastes have also been

behayilduodq ,Thlelse5]lbehaviour sFiagr@B.edemonstrated
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Shear stress, o (Pa)

Shear rate, y (s)

FigB8%®tandard shear strebewisgshanada | fslpuaiad eabsehud\wizdy rosn

Rheol ogical behaviour of &dahdesammlee cwap!l aeds
Scientific HAAKE Viscotester 55@8ttammadat € bk
after mixing had ceascead.|l elxatead fforro mp rtohcee sdseicnr
frequency ce'overyshpé6éOoWwbkdiong on the decreasin
curve allows for the wonkmhgatwi bh ah encoea:
stationary el astic sf lawpipd,i et h eri gaarsdihtebegetf iva r a

measur emelad sowi nclude force r edgAddrietd othal d we

Her s-Bhlkkl eyi amogdeenler al i sati on of t he TBasgham

appl!l itddke smwendi ng shear rate curve, and this

dafThe HeBuwilckhledy model is described via the f
T+
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WhelUies she#&i ssthesy,jeld strfeisss,t ke issheare rcatn
the flow index. When n is equal to 1, the ma"
greater than or | ess than 1, the materi al f c

respectivel y.

3.2S2t6ing Time Measurements

Vicat apparatus i s used to measure consisten
cement paste, Iin agdfavdfimeeswitthnBStEMelds i
phase of the cement hydration r[ela€8]i on, as w

The Vicat method was used to acquire wvalues
activated cement pastes during this project,
wi t h rmamdli.ated ed| e . Fresh pastes were transf e
a conical frust umm, moaunldd toofp haenidg hbtot4O0om i nt er

70nm, respectively.

The initial setting time was determined as t
the nedd@mhm. i Bhiés poi ntwhiesnhreo tcedneas Ipaisn@ st
plasticity and begins to stiffensmitxhe Tlha&stfen
setting time was recorded when t hemns aniphlies c:
time is when the cement has completely | ost
the cement pasnedhéasomubl ylurdnsiotisoel i d st ai

pressur e.
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Chapt8oddum -&ctiecated iSI ag B
Control Sampl e

4 IIntroducti on

Al kal i silicates are one of the most commonl
other aluminosilicates (fhiyglmhshbHamnes umlettiarka@ o
onset of reaction after mixing, the subseque

structure similar to that of Por®%uaimdall alein
activated slag cements have been used in Chi

USSIR92] ,i[ 1221 ]

Probl ems have been noted with the use of so
setting times and s ubSZ2]gueAlidEBlhromklalge, otblse r
in combination with their viscous nature me:
safely beyond [a9 2 ]abFolrati2 ®édr rymosreet,t ithhgese -al kal i

t h-desired carbon footprint dweoeutput hduenegg

producti on; they are produced from carbonat
di ssol utifohd]i,HHowabver , due to the relatively
activators in the majority of AAC systems, t
during the production of silicates is much |

prodoalt80]., [ 181]

The aim of this chapter is to-azdsdsenst edhs| pgr
and wunderstand how the formulation chemistr

mechani sms, microtsarecdmnd ephyusidcdnezaobipent wie
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as a control sample by which further for mu

functionality.

4 Met hodol ogy

Bl ast furnace sl ag was reagtN@d=wilt B)sodi mmr &
sampl es for ei tshteart ei nineesdtiiantges tofart escstha fealr af cotre rsi
various time pointhasThe esLhdmlpe¢aaiedsd 3muwelt aati il eerd

T a b4-1e

Tabd#l&ampl e f asmelrat inon,hiasctcihnagptaesr a control for further

No. | Sample Name Activator | BFS | Activator | Additive | Additive
(9) | NaO (9) mass (g)
1 |BFS_8% SiG NaSiOs 100 |8 -- -

The reaction rate and mec hraensioslnvse dwedraet ad eftreornm
calori metry, and DRI FTS ianndis méfel i meé &4 yr eame retr
Addi tfiroemsahht e char acter imiani osl wmpy i fsecsotiment gne/a n
to understand the workability of the paste,
7-and-d3ad8 compressive strength, were also dete
and structweanEtevomi meidows ao pFyT,| RT &GAd, e caEMdd,

MAS NMR spectr oBRX paynalayngi SEM

4 RBGesults and Discussi on

4. RelacMeohani sms and Kinetics
As i ndiFa gtdd,ck time heat evoedattiivant eod stlhaeg shil n dce
di stinct stages of reacti on, similar to0o that

induction period iIis observed as an whiiah al
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corresponds to the surface wetting and i1init.i
data are not a true represent anmiinount eosf otfh er ehae
due to the mixing of the samples outside of
reaction at the offset, repr esiemduaatgi armimse riit
then foll owed by aerdeorimané génge)] owhenteetbf

associated widihs ssdleu tpiromgreefs ssilvaeeg particl es as

and precipitation of reaction product s. Fol l
release ensues, consistent with the adcel er
the nucleati on, gr owt h, and precipitation o

decel eration period occurs, wherp6flhe [ &0061 I

As is expectaed, vahedssl agatreeacts quickly, W
observed after dissolution anhdoutrtise god.en r e a
Additionall vy, the significant degree of ¢cumi
extent ofihtilgeh raeamoatnitesn of structurally ordere

the known advantageous quitkvatadtwionhaaldk ale
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Fi gdtkeat release rate and heaati BESedacti on of sodi

During the initial ,ditdhsolswtdiiam ofi | 3Slcad ep arotl i
i ons, and further (with the reaction of wat
di sperse in the bulk structure between sl ag

cal or iamet, ry tdi s expected that the nucleati on
qguite rapidly following dissolution. Sodium
al umi-rniiaum c @aldciumm @$ umi nosilicate hydrate,

secondar[y5 &]r,odu&3] , [ 182]

DRI'FTS spectral me a & o r ismmeidint ust eweirrnet ecrov ddesc tdewdr
hours of reaction after mixing to aid in th
kinetics of tahcet isvoadtieudm sslialgi chaitred er . Simil ar|
di ssolution reaction occurrinngoti nbet hoeb sfeirrvsetd

was performed outside of the DRIFTS setup.
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2 hr

8%_Na,SiO,

e it S P . S, V-
2000 1750 1500 1250 1000 750
Wavenumber (cm™)

Fi g42RBRI FTS spectra-acf i vadieemB§isei €aret 2 hours of re

Fi gd2sehows an-iinnietnisdlt ylcove akt tati b@#B8&d t o asymr
of -OSi bonds (where T represents tetrahedral

shifts to a higher wavenumber amimdinrctraiarsiersg
i n atthter r bung®@-ddfondi ng. The initial |-O&Er wave
|l i kely from the precursor slag particles, a
stronger bond tOASti e rwa ct thArSH tsttiat & 3nju rSe[Dlu3E3 Jt o t h
slightly broader nature of this peak, its sp
asymmetric ©fr ébodsngaofl The varying intensi
|l i kely theatt ot hains iisso slbieksen ¢ pO@Tnbondsedut hag
di ssolution of slag particles is occOTring s

bonds within aluminosilicate reaction produc

Furthermore, ®Tshpeakdercendirti magn Blie ~86&n deve

time at a similar rate to the main pe@k, whi
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within cal c[ilu3ns]c,arbb3tltee ¢Xi8B8fence of t his

at mospheri ¢C@anbohaetiaaon infiltrating the por
with calcium iiasastheomamhkeesbagface I s expo:
DRI'FTS setup, and no carbonate ions are supp
XRD patterns were collected every 15 minut es

mi xing to further probe t baec tmevcah aendi BEME obéi nrde

43) .

2 hr

8%_Na,SiO,
10 1I5 210 2I5 3'0 35
20 (°)

Fi guBXERD patter-actoifvastidd cBES® over t,hewiftihr sitde2nth duiesd @pfharsee:
Hydrotal ciOB@17PpPRTaAbdr Mori ¥4-84°PHDF. 04

Generally, the sample presents as predomina
crystalline Theadvexapr easuenpt .observed due to
~2/28i s attri but eidant oaniohrep hpobil syli pnoildyem@mp assi ng
sample within the diffractometer, to el i mina

broad hump s obsAgr vedd,di el uwreid nopiht 5 58 6crae
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speci ficalllyi kae tsotbfeHlatdwrdd e @nal | vy, smal | i nc

can be seen at points corre$pomdangetol yhage

4. 3SUmiary

The -tesmel ved data obtained from | CC, DRI FTS
kinetics and mechanasmbvafetthdusodgumasili ag
that the formati on-AeSHH kaeyd hydio @it iad rcii plpg s @) d
al most simultaneously with the dissolution o
reacti on. The main reddddi dimurs BnedovlBEremcEher
foll owi nightl®d d@opersi oedotedonéeaoauobas over its
of somewhat strASHtiuheal mgi orbiendgidv@& nagng hatsree nv
AACisat such an earlyacageatedt Bésagscementat su

such matereplacaesment to traditional Portl and

4. Bt2 uctural Evolution

4. SAZFITI R

ATHETIR spectra wer eacneiavsautreedd sfloarg ssialmpclaetse at
to identify bond environments afRdgd#pliotr ei sph
noted that the spectra show mini mal changes,
but al so the great extent o f reactiovat éd o ml

systems.
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8%_Na,SiO,

¥ 1 I 1
2000 1750 1500 1250 1000 750

Wavenumber (cm™)

FigdydrTI R spectra -attsodtedcd BFEiaantearious time po

A shall ow, but not ablcemd, baancdh airsacdbes ddsvidnt arti
the calcium carbofhdid Apdlitmom@mi | yyateémi tsdoul
i's associat-edH!| wnehbehkdiimg tcoadl cC t e, anot her

pol ynolr35] , [.13T6h]i,s [slh85u]l der becomes more pro

increased | evel of carbonation proportional
carbonates in the sampl e set Jcsarabsosno cdiactxeidd ew
t he sapthneor e i nfiltrating the sample and react

during preparation and curing.

The most prominent peakcmddrsdrtviea smaldinr speal
lare attributed to th®Tabygmhet r s?@ae elisiQd teashi n ¢
respectivel vy, i ndi cAaSH wvset rfuic3flulree[ 1B B en pdadBdhs
wavenumber represents i ncreased pdlagysmandsat
typically a sharp peak indi cqdtA§Hd e haltveas gaee

reactionf 5Brqg.c gléddsd]s noted that the presence
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associated mas s | osses from | oss of free

aluminosi |l i-&A&HY 1BYdrAatfeh&4Jl der to the aforen
peak i s obs-arnwed 9f orl dt hsea A9 evshiath ~41s7 @t tr i bu
stage of ther mal debh§y 8y Adjdb@d@adwihahygr ot alec imas
300 anr@®, 5MWserved for each curing age, i's at

water eirydamkydati onype phdséeésal didt@d i ncte@k e

tot al mass | oss, as wel |l as the observation
profil e-dfaggr statbmep | ®0 i s | i kely due to the exis
products, consistent wiotnh. tFhuer tihnecrrneoarsee,d ae xntoe

visi bl e nch®6M/KLe mesgioci ated with the presence
garnet) and/ or other hy[dI®&l]s,| oalt@hidu mm eali wmi nc
70&L, there is a progressive but notable mas:
of tHH tGgpamsned dehydroxyl ation[dfd6fheAlNBBral :
progressi masmbewmsnmbrobDbserved Metwleieah 709 laink
to the decompositiph3é&¥f weablddinagsm ahsysdorcla¢aetse d
decar borateemdrrc i awfm staalhboieedt eer i t el,whaimcdheal a geth iy

presenat noeghebionati on[ 10&88]t,he[.1ls@p,l e[ 19 3]

4. 3XRD3
Similarl y-FTIoRté$pmre AT Ra , there is |ittle to n

XRD patterns -afcotri viah € d shsill gae@epei n chedri c &t i ve o

structurally ordered phase devel opment at a
centr eAlPd ati n~d3iocati ve of an al umina/ silliikcea ph
SstructAtsiHe , (@s wel | as few sharp, crystallin
amor phous structure of AACs wutilisiamg i lioca
reveal addi tional tobermorite peaks, as wel
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amounts of calcite appearing -bvkASHIi med Th
hydrotalcite from the earliest curing age (3
that the bulk of the main reactti otnhelsaes react
products have strongly formed. The occurrenc
and its slight increase in intensity over ti
ensued during sample EQempatahtei an mdspheunri hags

sampl e and r eaicn etdhevilhdl ICat(@H)or m cal ci um ca

LIS S L S B B B S B L R B S S S B B B N N

G 8%_Na,SiO,
H
H c f 1 CT T T

90D
- I\ 28D

/

//\‘/ \_\

e i, Y USRI TR . S
14D
st e - ——. e o /\ S — 7_D
W\MNM*—*/J \‘”\\_.VA_MN\__/\.._.M

Fi g46XRD padft egialcit ¢ aatag eadt BWaSr i ous curing times, as | abell ed
CiCalciteOf@®®OE7)HYy dr ot al ciOB-BL7PPRTADdr Mor i V484 PHDF. 04

4. 3NRMRA4
SoltsitddAle &%id magic angle spinning (MAS) nucl
spectraogsesepyt o reveal how itnhkei nnga,n oasntdr @tcotcuarle ,F

(ASH B hnl jacat @ated sl ag cements evolves over
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4.3.2.3A11 MAS NMR Spectroscopy

ThéAl MAS NMRFS geddter apiays a broad tetrahedr:
from 8@pmo &dntaining contributions from mul
sildacat «ated sl ag binder sampiSéiphiaseldene ., va
narrower resonance represents a greater degr
ti me. Slogsnarlds agptpmo6B8edr es edetf iAd¥%d ok lidvied dt i on
i ncorporated i n %blr)i degnh)gq treetsrpaehcetdirvae | yq wher

bonde® 1tAd )Q[S5.8]si t es

BFS

8%_Na,SiO,
100 80 60 40 20 0 =20
B, (*’Al / ppm)

iso (

Fi gdT72%Al MAS NMR spectra obhcBFS8aavrdva8BB8Bousm suticgtei mes,

Additionall vy, a broad oct ahedorpant iAsl orbesseornvaende
containing contributions Uosothlmppbmi pberAkp®in
Alenvironments in octahedral for nmatd4%ln, wWilthsg
evidencing t he formati on of such product s,

Further mor@ss pop i gpaddagravtwidngnger.Tloius i sigg A @ e
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i's tygptitcrailHwt ed to a fAthird al umi nat a mhydr aet ¢
hydrate phase preci-pNA-SHiend caarlictihuenb s nné&élbhsaei ¢
al kaacltii vated[4d64dg pPiLlBBr b oWOEEr, [NMOG¢nNt stud
and -diwwmensi onal dy nami-en hnaunccleedar MAS | BIMR s aetxipc
accredited thisbriedspina® dleAiltt@e sfsFHHNni acBadt esugge st
t hat TAH dok$%T7/hniost leaxtitsetr attri bution i s basec
this resonance may stil/l resembA-8H anu rafmeoa ,h

interactindgsiwiitbaneasibtye K.

Mor eover, a slight br oapdp nt eisso n@amu&al sdda,mtn i wi
pentahedr al Al , tae nt htha lgaenscpi enclyis et sh ¢( MNA-&H t o

inter] h9Ehe exi stencwi tdfi nAFHsi QA er |l ayer h a
hypot hesi sed[ 186} he[,1 9h8ceweavielry, @]t he cur-rent s
A-SH does not i nclléuldleh e hoi bss esrpvBecti iBAS dNfMRa rreesvo n
associat ele nwiitrhoname nAl whose intensity cannot
anhydrous slag particles is possible here, a
i .e. ttyeirealalregnnfaewers ha@ apgaiionnccritddeee $ Nt ensi t )
AYincreasing as a function of curing?fli me in
MAS NMR spectra|[dB4pAAS[ o mt § ONAI®H gel s

[ 198] ,an[dl ©hYyl]d-based mMALt9e6r]i,al[s202], [ 203]

The existe'maeiofontmeing Alas 4Als omwleteinp lod seu avretc
NMR analysis ©ofNA-SYnpgleéwhmedr & ati ve dmount
environment-( NAStHh iwa st meot@d t o 1 ncreaseTlhwiyt h

hypot hestilseeds ttrhuadt ur al Il i mitations on the a
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tetrahedral sites wit h-{ NA-SH nueraansoxsci el si sc aatl eu nti hnai

content resultdaiancaspmgedsésdi clhahglei nterl aye

I n this study, it i s possi bl eSiflat At herne ti
aluminosili qadNd-&Hcbaensti meCdue tidcomteemt gand
an i ncrease i n excess Al sp-bal asSpmeganrsal a:

deconvol?Atli dMASS dNFfMRa ndble c M@ aMAS NWRI | dlatad d i n

confirmati on.

4.3.2.3%i2 MAS NMR Spectroscopy

On the otHhierMASEnNMMR Fs medeBtereav eiahs a broad hum
~78pm due to unreacted anilbBpsdirlo udsnpdp magt { mbbaeaet
t o’a@QdsQtes in slag, respectively) is present
ti me, indicating extent of reaction increasi
are three main -F® s anmapnt etsh abte taweeeaah| t pmes e o i
however in different cwegsr-d8 Bt idahdgprgdh,e sar a e
attribit &dlAo) Qmintds ,Q respectively, -ASHicati
phawsiet h a t-loiblkeeg motrrituet ure, more specifically
calcium sil HcN&iS&l) hpp@a8fe (CT6Iclonsfi 3@t wi tf
observation f-actisvat edn [slli8d8g/c ageereenrtasl?’s i nes eas
rel at toviet @so cQver time is observed, indicativ
withi prA-StHhe A@ddi t i onaldplsy8, D pam siisg nwil siaktl e at ol
which is a&attAliputedmoomstQrating -t hekisngni hith
( NA-SH structur e taocrt isvoadtieudm sslialgi chaitneder s, as o

[ 9.6]
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90D
28D

~
(W)

3D
1D
BFS
8%_Na,SiO,
—fla‘D | —E|55 | —'I/O . —%5 . —;30 | —és . —‘.IBD | —EIJS I—1|00
5. (*°Si/ ppm)

iso (

Fi g4825i MAS NMR spectra oé&dcBFGammdyvBBEows csuldimcagtti mes,

The three main resonancesop3-d® ndifpdpine da raeb o we til
highlighted in t%hie MAS oMMRA i spd@Dar ac( wel | as
presenwaddift ifonal Si environmentss-7 6 n@07e.a0c,h s a
an€2ppPpm. These lirse-3%6nr8AN.cOeB2aafid ar e a(tit)X,0iBQUDY) ed
or4 @Al ) 2o @ARQ), respect(ivMSHy, Addt hi bSniahbky C
sites were identified in the spectral deco
representing remnant anhylWgszo-dSpprmhagndgalbt ke
encompasses at laemde@siomen hdn-Tt2h eaTE@m@ m,

respectivel y.

The identificatilent ed, tavén odtiesdilid)sxt @ rrespo
differences in shitepgddingd atxipee gé nhlg ¢'€C & #s Q
calculated in mole206landdypBSer MaASsNWRBRIi epect

previous stadiéesvabbd§ébBhgatBlassdepdr son el ectr on



and*wial | shield the Si nuZXwielil ,t oa rad{glt)eeaamd o r

QX 1'1') sites ‘4Bsrpee caitetsra tblauat oegdel rt'akh QR ar espect i vel
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8%_Na,SiO, 1D

8%_Na,SiO, 3D

60 -65 ~-70 -75 -80 -85 -90 95
By, (2°Si / ppm)

8%_Na,SiO, 7D

Q'(ny

Q(1A1)

e L N . 7»7\/\\/ / N e

1 T T T T T T 3 T
-100 -60 -65 -70 -75 -80 -8 -90 -95

-100
By (2°Si / ppm)

o .
8%_Na,SiO, 28D oy
Q'(n

Q(1A1+Q*(4Al)

60 -65 ~-70 -75 ~-80 -85 -90 -95
8, (*°Si / ppm)

NS
-100 -60 -65 ~-70 75 -80 -85 -90 95 ~-100
B, (2°Si / ppm)
8%_Na,SiO, 90D —
60 -85 ~-70 ~-75 -80 -85 -90 -85 ~-100
Biso (*°Si / ppm)
s p eaccttri av aft cerdn ssél bacgh at &@s e, the data ar

Fi gg9econvol?Bii MAS NMR

fit (shown in red) is

shaded in grey.

t he
attributed -(tMASHi asetebadadCin

sum of the deconvolutedeglsaks, an

btleude , t ovhs il tee & hwistehiant t ma rhbruant
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A notable reabnappedkd9fmmimd yob,s epravretdi cul ar | vy

curing whowes e chemi cal shanfdt/*cBaAnQ) b ee naf 9196i@g) nnee ch t
[ 20T/ satisfy the struct urian k ecdo/ehsotsnrkgeidd-tG f or
SHphadseescri bed blet hed K BEMa stsoa’(geldpoi ymari sed
Abr i -A-SH, ratth@ir n{ BA®H. I n this system, due t
Al and Na -ASHptheanste; o mp Nf(s4iAl @) HoFRMIQ Qsi tes, has
addi ti-oNA-SSHp €n | ine with oeachteirv as|tead® | selsa gbsh 4 ]s
Moreover, t h8&pp,mswhmianic egearter al ly i ncreases i
i s ypically catdtsirsn @@d A3d} ittioms( 8A-SH bailtso cont ai i
contributions from dveAlapenwnigr o ememtas cwist oif
for mAé&SHN again consistent with thet $di6dd¢t ur e
and sdmnudsikdsndcadeeabbonaaeé@] sl §88] , [ 9 2I]t, i[sl18 8
necessary here to attridAlt)e duaett of Y(hHAlas 3 ies
sites in the spectral deconvol*ttyipensunndedi na
al umi nopshiatskeen atensi $(t3 Mlf)[ 8sOi@trpasyi dQus st udi es h
thatri Ah geopolymers conaifAh) {dmd99Q earwd Ir oNnim
supporting the existence of these units in

al kaacltii vated sl ag cements-tmapye ipmoldwdd&-Sdiss oni d

H typically -dalrariedm waaleweneiprt eesaiulr[issbr]s, g r2e0 94 s, e d

Quanti fication of Si sites, ?%iet AN MMR ¢ the otu

a function of cuTabdge afoifsthepoeidl tagd iisn seen

wi t hi ntdtahye offi rcsur% nagf, t earn d9 0~ 8dlay s, showing a
anhydrous sl ag particles with ti me, I ndi cat.
silica supplied by the activator into the so
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Tab42&lMR parameteactifvat ed )| skeatgesampde § r2dBm tMAS dNeviRo rsvelcu tr ea

Assignment
Parameter | Unreacted | ~, | ~; Q3or
I mn 2 (1Al (1Al 4(4Al

tso (PPM) -75 -72 | -76 | -78.6 | -84.4 | -81.4 -92 -87 -87
FWHM (ppm) 13 5 6 3 3.8 3 8 9 9
Relative

SiOs_1D | integral area 42.7 0.0| 54 15.2 14.2 154 24 3.9 0.7
(%)
Relative

SiOs_3D | integral area 31.8 00| 7.6 16.0 17.0 16.7 2.8 7.0 1.2
(%)
Relative

SiOs_7D | integral area 33.1 00| 7.1 17.2 16.3 17.9 2.0 5.2 1.2
(%)
Relative

SiOs_28D | integral area 29.2 0.0 | 6.7 151 | 17.8 18.0 2.7 7.6 2.9
(%)
Relative

SiOs_90D | integral area 15.9 00| 92 149 | 226 211 4.7 8.5 3.2
(%)

There are not?abhAk) ambtersspoes®Ont, indicating

t he(l NB-SH, and the st éaldyl )exuinsittesn cdelNgo§EH sQ st ha't
signi fi clainmked.crlommcr e & sd4eAd ) d(uBadndit )iQ & nevsi rodfn ne nt <

days of curing onwar dsA-SH gagtesltattéehre @ureicngida@

0.15 ' . T T " T T T T T T T T T
|
o - 10 " :
n
| |
0.10 1 . 94 7
I "
@ 0
> 8- 4
=z =
0.05 B 71 7
6 4
= Na,Si0, 1 = Na,SiO, |
0.00 T T T T 5 T T T T T T T T T
0 20 40 60 80 100 0O 10 20 30 40 50 60 70 80 90 100
Curing Age (days) Curing Age (days)

Figdgt@lVYsSi ratio and NOGBASKHIfi traislkil vatkkedr BfFiSme, calcul ated u
and 29Si MAS NMR spectral deconvolutions.
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Addi tionally, thellr)e!lsitti e raenmainns ofelQat i vel
of curing, Xwh)i lienctrheaats eosf wQ tThh & nicrr ceraesa snign ¢c uprr
of (@) sites as wWHILIAI § $( dafvdl )iQnscirteeass eo vier Q i me
increasing mean c¢h@NAMSHI,eRigg@dl @ MEE) t ome Cof (
i ncreases. Moreover, the inc@Ab)ngiteendsicrc
with increasindg( 1cAon)caesnitiveastli oans od p p's ietnég s iinrcr
Fi gd7,e supporting th'e Ssil iagsh tc uirnicnige ajsddmpei, ni nAdr

thus indicating -ltihmki 1 dNEeSH ei@mrceree aosfe sc roovsesr t i

Typically, the for mati oficoonft ati me n gAtfHNtoidautrca | (
extended curing ages wodlidkr eng( MA-SHt,rh eahGroehd u c
in turn would cause a similar decreasing tre

this study.

—

i s hypothesisedSihatatt lme -iMCitk icmgnaa scm OBIsi
i ncreases, coupled wiYdi tFehsg @@, p amearts gtrloawntt h
maxi mum crosslinking potenti al i $ NB-&H iisd i ed
attained, a(sNAeSrHo shsalvien kmeudebhiCnlda wiegr cAalpaci-t i es t
crosslinked 1®dganntde rtplaugs,s t here i s( Nd&G&HmMor e u
Consequéblet |l gh secondary -(rAg#&lctiisonf lmpitmd digg ts,mal
amouas$ swaAlsi ass f or mi ngf amrs emmaragiane hdpah,é drt & r |

altogether creating a more stabilised struct

4. 3 SEMSDX
Scanning electron microscopy is wuseful for

cementitious materials and-ragup(lEeDIX) wiatnhal g 8
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el eme

activ

grey

mai n

carbo

the ¢

t his

has |

nt al compositional changes over -ti me ¢
ated sl ag cemaeamidd  ahodvemometcateedsilag
shapes amongst a dark grey bulk struct
bi ndi-MmSH,phaassewel@ as the secondary stru
nates. Addiudenalratkatandsstitriations, p
ement paste samples rather than cutting
magni fication, which does not meyn t hat

ow porosity and/ or any pores are on the

Fi gdgtSEM i mages-a€¢pbirva,ieatcBIFBO0Ox magni fication, for wvari ol

The $SHBHbBges foracthe as ieldifFec & tdd psbhionrmdelri tt 1l e di ff

struc

cohes

tur Al ¢ verampilmes. contain some unreacted

i ve $&ydrsattrewdd tngr e, further showcasing
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achieved from early curing ages. A gener al r
of pthhabsuel k structure are observed over ti me

as the reaction proceeds steadily beyond ini

8%_SiO,

MAG: 1000x HV: 15kV_WD: 8.9mm

Figdt®E|l ement al snia pipdadntigy &,toecdu rBeFdS at 7 and 90 days, as

El ement al ma p p i-anagt i fvoart etdh éBiFgSuU-fisacnapttiee 7 (day s cC |
indiaadlessar di fference in elemental concentr

the unreacted slag particles are rich in sil

hydrsattreupt ademi nant Isyod¢ amaigsntesi am and oxyge.l
amounts of calcium and silicon in the hydrat
90 days, there appears to be a more even dis
with some concemtr atlivomsni aafm, sialnid cal ci um m

remnant anhydrous sl ag particles. The differ
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indicative of the greater Tdxhteentn caofe arseeadc thiud rk
composition suggests a greater amount of hyc
proceeds with ti me.
8%_Na,SiO;, 0.00 7 days 8%_Na,SiO; 0.00 7 days
14 days 14 days
28 days 28 days
90days 90days
1.00 1.00
7 7 > 0.00 7 >-0.00
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Al,O, Al,05
Figdtd@ernary sysaemsvadededl fagt e7, 14, 28, anHD) Oandalyyss i sa.s

(L)
CaoO)

Usi

t o

ng

el

Ter i AiOyi SC.HY st em
c ont eenlte mesahiogaid snigt i o n .

ement al

further

Figuwidé& emai ns

(nOglconttiemg ) Na a20dAIORB i 2Py rsna&my (Magl ect i

compositional
ustrate t

generally

data from EDX,

he ph-AapleSie@psuémonno

consi stent as curing

corresppnevngoutbto s taucdiievsalt ®fd] asll fadgllsil Jwe I [| 2 1ax] t h

synt h-e ASH a+A-SHN gel s

t he

[214]wi th

calcium over
from the sl ag
( NA-<SH. Thi s al
NMR

sampl e

t

at

h e

f orgreeld nmey2 had Jdishoel c hemi str

altheumreagigo mgaes6 BA-SHt 5e8d] t,Wii[nlhe 1 ]I

Al / Bel atat vel ynac oAt ssila ngnhg o vienrc rtei

i me mbhhabeowvwbset vmd, andi oat ea
precursor is integrating into,
gns with the increased cross|l

spectroscopy.
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For t he @AbRSar6y s\taE mgid-h® a gener abhkOodveecrr e a smee i
which is unexpected as typically there woul
space, |i ke with calcium, as curing progress
is noted, which aligns swiotphy, f iwhtela megSwaitsrho ni\ | N
observed to increase over time. This increas
of the great erri cfho rsmeactoi nodna royf -(rASg&i¢c t iaen t hhreo d wecat

progresses.

4. Phy s al Properties

Physicompclhprircales of cementirmi oesl ¢ s tuenndse r
behaviour and deter mi ne opgadteenntiinafll uaempcleidc abtyi
structure, which in turn is determined by th
how the physical properties relate to-the <c¢h

activated sl ag binder.

Tabd43®hysical opremEitt vtag ed sl ag.

Physical Property | Determined value

Mini slump diametej 115.87+ 0.69mm

Initial Set 1h25m
Final Set 2h25m
Sodium silicate typically acts as a disper se

stress -adtisvdtedtez2nehesphstag in asfuempter
t e[st72]lean[al7t2o0lund that for a very similarly
activated with saeaddiunndesri Iriactaitoe oaft Oa 4watselru mp

and 20 w®kre measuredt f%radti Bat arnddulslersg trle
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mi ni .Tshliusmpi nscerteuaps el iampegara,r sp d s iblel moex pon

s ame
t hat i n
di améhe
found i
Addi tio

appar at

rel ati v

gui ck

S

setting

species

| arge

f

of prod

sampl e

wi t h

fresh

t

h

c

creasing the activator dosage further

rmeasured nmTabk4d-Fo fi MBltuld®Scomparabl e t

n the previous study, corresponding t
nally, the initial and final setting
us setup. Aasc tiisvyakedwrs | Aags, st hec atad u

ely Il ow, reaching ini2ikadtusalbgmiihghuw
etting times previ[oluws2l]yi[] 2hEREH|U ieadk o n
time is often linked to?%amng dlasmi mat
of the "ahdgsi hteateti wnshf Nam the a
ormati ong2b6]rep@ESB\pber prtoldiuctmai n r ea
ucts are formed, was found -d®ot iocatuad |
i nFitdd-ide stwhdy e( t he heat release due
e setting time, occurring within the

ement , as wel |l as some precipitation

particles |Iikely causes the hardening of the
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120 T
SiOo,
1004 | F|tCurveofS|03_ ]
80 - .
©
o 60 .
(=]
40 - .
20 - .
o+ 777
0 5 10 15 20 25 30 35 40
v (1/s)
Figdgt®heol ogy-acft i vialtieda tBé&F S
Rheol ogi cal properties and bedaaatviiwatre dveslea gl ¢

sample via a shearFisgdédkss deod skl eptmodel vi
t o t hki gaitdan conjunction with the moldall epar a
44r eveal t hat tahcet i svaadieuwdm sdialgi ccaetngemda Ildda lsgM iaoyl
having a flow index (n) of P4, meami mgvehgt I
behaves as a rigid body at WYarysl ewceedesises
a viscous #flyypied bebiarvgmam has been ofdsdr7ryed i
[ 215], pa1bGbhve the particul aadtyi vieotwe dy iselladg s

[172], [.217], [219]

Tabddéler s-Bakkl ey modfed r psardaimeddceesdi ¢BtReSuie Fc gd-¥ 4 i n

Sample G K n

8%_NaSiOs 1.69 | 211 | 1.06
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(o]
o

] 7D
1 [ 28D

-~
o
]

o)
S
TR B
—

(83}
o
1

w
o
1

Compressive Strength (MPa)
N N
o o

Y
o
P Y

0.

Figdt®&ompressivel afe seinlgit havytae ed BFS at 7 and 28 day

Theompressive str-angthwated $haegsbindateat 7
comparabl e to that sodiinudm-asitltiviced tddi @ pfaeubd 21
[132], hawevyer, it is noted that tbkneoer,t acre me
specified Dbyl 6ASSOas Cilt0OO t hi s amendment, the v
~5 % of the valuestda@®pmi medtindy udBengabki mil

formubattbaea same curing ages.

Compressive strength values at 28 days of cu
material, and it is -poitmtde Kk patt% Hoeft wtahbea emaft e ri
potential compressive strength, whi% eft teheva
materi al 6slayl tciomaptre s[3BAlelHesrt e entghd val ue at
~8%® of -dhy &8l ue for compressive strength, i

devel opment, aa&knd doedgrrdeeacft a ®th.r at e
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Typically, specifications require conocfriet e t

~17 MPa28o0r general wuse i n ~f3ciMPa aft a¢sot nrtsa, ggdstlha b

concrete uses for the | i kesMPoaf fbodra s aahm ach gg i |
structures,riimel uadlimgnAlClgdhscst @agrrd®idfQosntsd Mer i ng
knowltehdagte concrete is stronger than cement d
addition to cement, the vabdoesvamtaduskdgheem

that the wuse of this binderstwietnbgntchr eto@m cmat e
comparable to those wutilising Portland ceme
nature of mai+« NASH dd entge rprhiarseed Cat | ater curin
from NMR s mmeathrgo scceopeyntbesomesé ur et er coinsnect e
generally foundr etdoupcoeoo s esponddt betater | oad

resulhttghi mompressi Yyélpbtr é¢agehst epm@Béd t he

(7]

| acat «eated Hloawvgvieirndet i s noted that poros

under standing

4 . CGoncl usi ons

The use of sodium silicate for the al kal:@ ac
the characterisation of ear |l ystrae¢ &c tainadn , mescthre
properties, to be used in hihels fpurntlrenr w@ampgl

compared to, due to its wvalidity and functio

't was found thattitheteddsluangshbindat ereact s
al kalinity provided by the activating sol uti
compl et i~olnBowirtshi wi th very |l ittle dormancy i n
N-A-SH structure forms quickly and continues t
and strong material, with somevempumnmel otli 8
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N-A-SH,hydr ot al cite and <calcium carbonate pol

Mor eovesoef tshboedi um silicate | eads to sufficier
as wel |l as influencing the rheol ogliickad fbleuhiad
with a |low yield stress. The suf fatcereinal wolrok
well and can be shaped effectively in practd.i

testing reveal s-dghatreh¢IPlni, odvihhi-6acoat7 nues
~7dPa by 28 days, verifying iqgisvishugiHf Gpchiaesret f

and its subsequent feasibility for industria
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Chapt8odbum Carchhonvaatteed S| ag

5. Introduction

The use-acfti shkaddi cements has been proposed
cemarstsoci ated carbon emissions, due to thei
products, as well a s[ Inla]tDersali Ity d dd wsr, r icrognmoind
Tal kal i si | i caitceasr rayndg rheyadreax iedmrebsodi ed car bon
used counterparts, al kal i cacamabes prwduch
industri al cheanmd@wdrh r cGa@dad auwcd trkehaQ )i 1¢ R2[2673 4 |
Additionally, the use of silicates and hydrc

due to their caus%2]c, awlhkizvé salbkial.natarlkonat e

Despite being advantageous in their carbon f
and hydroxi des, there is |Iimited use of the
AACs. This is attributed tomdenagd hwel ni &as ap
strength devel opment asneautrreasliulptH ooff ettdhhee smeogdsec
their capacity for dissolution of [4I18dqg panfi
[ 7.&8However, there is | imited knowledge of h

influencessttrlugctrugaectiyomel ati onshi ps.

Therefore, this chapter explores the use of
furnace sl ag i n compaatiiswat emd t sl asgo.diAilsm ssudh,
sodium silicate and swvddi% nbl ccardb owialtle alns oa bt
activator for sl ags. The reachiseatdec@ami s es

specific pathway by which the cementitious

mi crostructure at variogss$roogtungl temebut oo,
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fresslmte and mechanical properties wil/ be d:¢
carbamcateated slag binders will direct furth

such cementitious materials ilhementatitoncer:t

5.Met hodol ogy

Cement samples were made by mixing blast fur
or a blended sodium car bomtat¥% o nods tdadlitehc tafered Sis
i mmedi ately aftesrt amiexicnhga,r agner s®oatidon at n
performance of these for mul at raoccntsi vvaa se dc csmpm!

Chaptemfhé sample formul ati on Tfad8let his chapte

Tab31l&ampl e formulati.ons used in Chapter 5
No. | Sample Name Activator BFS | Activator Additive | Additive
(9) | NaO (9) mass (g)

1 BFS 8% SiG NaSiO3 100 |8 -- -
2 BFS 8% CGQOs NaeCOs 100 |8 - -

NaSiOs +
3 BFS_8% SiG COsz | NaoCOs 100 |8 - -

(50:50 wt.%)

Reaction kinetics and mechani sms were expl or
welligsa#R spectra and XRD patterns. The stru
mi crostructure and nanostructur al p hsatsaet ea s s ¢
techni g-B€bkP eAXTtR, 0 § GAp YAA REBEBiId MAS NMR spectros
SEMEDX analysis. Additionally, physical and n
using a Vicat apparatus, ndovkabiolmety ybyemsnuor

compressive strength at 7 and 28 days.
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5 RBesults and Discussion

5. ReacMeohani sms and Kinetics

5.31CC1

Asprevious!| yupp athaepgdbdoedt he heat evolution of
four di stinct, sdiamielsaroft or etalcd i loynwdr ati on r ea

cement-i: ndu @trieon period corresponding to surf

precursor; a dormant period where a very | ow
ofaglparticles occurs with some initial pr e
period, where a significant increase in heat

and precipitation of many r eiaocdt,i omh eprreo dtulce s

steadily redugez]s, a[fft1®0] setting

25

8%_SiO,
8%_Si0, CO,
8%_CO,

N — N
o (6} o
1 1 1

Heat release (mW/g of paste)

o
(6)]
1

00+ T T T
0 10 20 30 40 50 60 70 80 90 100

Time (h)

Fi gbtkteat rel ease r-atne «fasadlokalaié edi Isilcasgt ebi nder s

Figbigshows that the slag sample activated s

| onger induction period than those binders &
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very short induction Hpewmnirods.ffEmeme ibet aveean
acceleration periods, which is consistent wi
activated [%12dg q&edestasmpl e prepared using the
silicate and sodium carbonate rea@tcdiabt ad
sampl e, aligning with the wuse of combi ned ¢
emi ssi ons ewhinlgsta awxwh e desirabl e seactiingat e die
slag sample possesses a much broader acceler
sildacat «eated sample having a very shhhpdpp heat
al so displaying a sharp peak but with a sli

present .

160
140

120

100

[=2]
o
1

S
o
1

Heat of reaction (J/g of paste)
3
1

8%_Si0,
8%_Si0,_CO,
8%_CO,
0I I T 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Time (h)

20

Fi g62Heat of reacti-amdodaabmédte edl sbagebinders

Additionally, the cumul ative heat of reactio
slag samples. As expected, and diascuyvseed BF
has t he grreatcds b nh & @& taccatti bvoantaetde bi nder has t h

the mixed activator sample displays an over a
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samples. This pattern indicates that the inc
of reaction, i.e. there is a greater precipi

a sol el yacctairvbaotneadt ebi nder .

2.5

8%_CO,|

g
=}
1

—_
(&)]
1

-
o
1

Heat release (mW/g of paste)
o
1

0.0 +——F—

Time (h)

Fi gb6B8leniti al heat rel easmeti atae eadf cd agh dmfndeesbobh@t Bour s o

Addi t i ofiiad G-tyendi Mmor e Fc g &8 eltyheirne i s a signifi
in the first few hour s eafctrievaactteido ns afnoprl etsh el ns
|l ater adeecleératatomn-ageakkh.umphiis ddrkley y due t

carbonates flIr ome actpirer e @mmwe édnmn omh e h&a ®hag an

of the activator. Previous studies have sug
reaction between the aluminosilicate compone
to form either apdadicdiin alomyspbaliliocateeol i

[ 71]These phases do not provide the high deg
devel opment, and the carbonate phases for med

and causing a |l onger induction period.
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5. 3DRI ETS

Diffuse reflectance infrared Fourier transf
explore changes i n boneéacen wiartoendmesndasgt iaofig ntdhdere
first hours of reaction, to align wFitgutae i
51land hi ghAiiggh8)eed | Rnspectra coll ected every

initial 2 hédumgdH4dare shown in

" 1630 ' 1445 870 |Ohr

A 1410
1375

2 hr

e ok B S 1 ¥ B -
2000 1750 1500 1250 1000 750
Wavenumber (cm™)

Fi g64RRI FTS spectra eafctd odioedr BaFEslrofatrest 2 hours of r

Peaks at ~16#0 eaforttdrhrd 336di um carbonate acti
specificall y-HtbenddsenddhywamEdl®Bde asymmetric
CO bonds of 't heldclgr,b dmeatpgep citanvsel vy. Once mixe
peaks decrease in i ntcemrseidtuyc,i nwgi tcho niphlee tpeelayk, ac
indicative of the consumption of tdmshi fstpeci
to a higher wavenumber fandn i~McOr &naisrewtr @gsnp eiarkt

~1l4cdBwith a smal.l s mM.Bat dife rt e s ealtpteradkisu taerde t o
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asymmetric viObrbatnidomfofcatrthen@te i ons, |ikel.}\
calcium [c®B5]bonfal4Y]lesplet88pely, i n dci acrabt oi nvaet eo f

speci es.

|t i s nhoet esdp etchiafti ct it npé¢ hef regi b wmiacfaenhdT 0 bteo
identified aflrobme | Ro spleetower | appvargc@alfe viuimr a
carbonat e ip alcy mcahil prhgst e vaiasi wef|loirheagoni tuen
carbonate hMdwaver, ndde oho knowledge of acti
l' i kely preferenti al reaction occeunird nggye i tto
sodium carbonate as uimt mmediparteesleyntafitnert hmei x9g
consumed, and that tbecaperaks attriiBdbedntole

pol ymorpbsher ca-tohtumi oanthlobata theacMeurperseci pi t a

Further t of etahsipsa e nd abgr 0o n0ocofti @ © el ops sl owi n
a clearly defdmafdt @oereak hdur~8®&mwd continues t
foll owing hour. This peak is-Oassni grad dituan tchae

[135], [136], [141], [183]

Additionall vy, DRI RTSowad henordd fFdteadd esodi um c ¢

activated slag over the first ZFilgoadbres of rea
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1630 1370 1000 0 hr
980

865

DIIIDDY.

2 hr

e s’ ik W N | R S
2000 1750 1500 1250 1000 750
Wavenumber (cm™)

Fi g685RBRI FTS spectra of BFS activatedverthhbofhrsodRumost ki

Similarly to t-det iswdteddy scamploen,attehere are i
~13d®, assigned to -Hhlkeobmeésdimgwatet han®d t he
of tMebdnds within carbonate ions, correspor
within the mhxednacastvatbher ecmys adn ginnintgi avi t
asymmetric sOSdtonhli, ngvhofcha c&in be as,croirbetdh et c
asymmetric stQAlt ctho mdt hweif tadi inBi nosiflbi3¢dat d 1313¢

[ 134]

The increase in intensity of all the aforeme
to the supersaturation of activator species

within the activator pbek dedudce gmreeatsly, ca

activating solution (or t he BFS) i ncreases
wavenumber, forming a clearclnfy debigeedpeéak
crystald-Sii nbeonsd, [|-A-&k | gipded® 3]h,i n[SLC3nd])l t aneousl! vy,
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at €8%tsakes shdprei nfudemards, corresponding t
stretchi-Q@gbmordtwietlCin calcium carbonate, eit
carbonate anions in the activator with calci
Due to t heminxadd rectoifvathieng solution and the
tempexcanhturell ed environment, but exposed to
of calcium carbonate ¢$©rwedtthrees riemcthese bi
contributions from both reactions (activatio

or caralrdnataga ed sl ag sampl es.

5. 31 #5.i XRD

X-ray diffractionn(¥BDuuwabeut probedthe react
sodi um eaacrtbovmateed bi nder, by identifying the
during the initiani xhFnuy Bb6.eofAsr emaati omegosh t
section, it can be dicfofnitcaulnti ntgo sdirsutcitrug weiss h |
of calcium carbonate and sodium carbonate po
of the crystal lairrbeonmatsr e XRD twhssexpect ed
di fferentiating between the carbonate phases

reaction mechawmicd my afterd dralgo rbathneder s .
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2 hr

8%_Na,CO,
10 1% 20 25 30 35
20 (%)

Fi gb6XRD patternaofi catrddnBE® over th&efyircgtys2 ahdbiineg pfaks
Gayl ussi t02-ABRBRDBF ,iONGartd oM -0 P®FO0 ®).

Peaks correspoh@@ ngoHt by dmadated sodi um car bon
i ni thiuatl lgenerally reduce over ti me, wi th mo:
Si multaneousl! vy, the crat(ggobELbne phasd] umaylh
carbonate hydrate, begins to form f rTdms0O ho
further supports the theory of a preferent.i
carbonate from the activator tamdt feorimatoopo

calcium coming from the precursor, sl ag.

123



——— Si0,|
——COo,

||

! W* MWW” WMW
25

10 % 35

26 (°)

Figsr@omparison of XRD pndtxtiefgos et&rtB ovted teedds apnayvisi éd cBFEF 8.

Fi gbv®ehows the similarities and diff-eamances

carbacdateated sl ag binders. There is general
other than the amor pAouwhhouampi seoteeddt ad +@
used for sample preparation. Further mor e, t
~3/& forming in-atthé vaarlbomsatmpl e compared to t
clearly preseaoati vat edthesasmplieat® Ehi s broad f ea
shown to be present Hing @GEhee hotveg d e onpdsiicpart 8 svien b
an alumiphakeehichied in AAC binder-si ks @® el orn
SH phlals5ééd mbi ni ng observations for XRMD,aintdu DF
it is reasonable to suggest that this broad

TC-A-SHit han the unreacted precursor.

Il n contrast to t he -aXRtDi waatte de ranl a go,r-a tt theev astid di

binder contains vRirg®ne c¢desntalfliiende apedles n(@
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phases. The | ack of ®kbéseasedusti agesdifhralbeéo
wi t habtsheenfcecar bonate supplied in-stehsi sampl aat
of the sample preparatiion,sfigmggeet XRDhante aan
phases observed -hoti vhtetedosempl si (imasel id
ot herawoewsed t o at mosplC&fromcahlomatri onf il trat

reacting.

5. 3SUmdary

Data from XRD combined wit hi nt haaita wi demc &R 1t kb

preferenti al reaction is occurri-agtiwatéeadde $I
binders, corroborating the observations from
that the calcium i omsi tfhr anmet hcearsloangat @&r ea nri ea

form calcium carbonate and sodium calcium c
anhydrous for ms. These carbomatssophasesn, oés
moder ate pH condGQ@a ootnisv a(tforro)m trheet aNad t he r ea
induction period. Moreover, the main reactio
t he precursori pbreecifnegr emd¢ ¢ @ap il gidrbad thred itrha@Ga G
supersaturation in solution and the subsequ:
( ASH . However, @’nicoen st haer eCCe x hausted, the actiwv

continue si anli kaaclrtili w attoe dotshearg bi nder s.

On the other hand, t he amr daadctditi @na toefd tshl ea gmisxaent
to be heavily influenced by its silicate cor
its peak of reaction occurri nyi-amtcidv art eeadr esrl
Additionall vy, t he DRI F¥S rdastead tifaoart etdh es abm pel ned ¢

similar mechani s#amctoviahedsshepyesi Ffavauei ng
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A-SH within the first 2 hours of reacti on, h «

the inclusion of carbonate ions from the act

5. Bt2uctur al Evol uti on

5. SAZHRITI R

ATHETIR spectra were taken at dai cftfievraetnetd caunrdi

mi xed scsatbhbaasdtteated slag samples to identif
phase devel opment over time. FosplkeocFhguampl e
58anki g69xhow | ittle variation over time, 1ind

3 to 90 days of <curing.

———
1590 1415 950

900
90D 870
815
56D
28D}

14D

7D

3D

8%_Na,CO,
2000 1750 1500 1250 1000 750

Wavenumber (cm™)

Fi gb8FRTI R spectra ofhcsodianmdueBFISonatei me points.

For both sample sets, there dmim saampbl eds b
spectra, which Ii9© ohbractiemi wiitdhi of tthlee c@ 1 ci
vat grlist4éAddi ti onally, a@amMcamd bee motbrseed vatd + h4t

both sampl es, corresponding thomntdle o&dsyrmmdtom
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[ 141], |l 142)]y encompassing sodium carbonat e
prominence i n talce i svalteldy saanmpd enatbeut 1t coul
carbonate phases forming. Fucmberreéespomds, t ¢
ouddpl ane bewdiimg cafl cCt e, another[ tabkjumlgda
[ 185]Generally, this band becomes slightly mc
atmospheric carbonation with coeddrsi nogosteirmes.d M
spectra for both sampl es, but somewhat mo r
carbamcdateated sl ag sampl e, assocOatedcwai €t hul

carbonid8té¢, [136] as[ dDbHskprveti88h the TERItATOSN s p

5.3. 1.2
" s 1415 950 815
900
90D e
56D — . ==
ZBDMW\/—/—\
14D \
7D
3D
8%_Na,SiO; Na,CO,
2000 1750 1500 1250 1000 750

Wavenumber (cm™)

Fi g69FTI R spectra of BFS activatedatwivvhribot$ tsiomeée upnoism

A band cati s~9%5h0e most prominent in all spectr
to the asymmet-OiTc bendet clisng soft hei smal | er p
more specifically, thasdsDwesbandspeoAiespypn

SH strux3]u,y e[ 1IT3n3e] ,pr[els3edn]jce of both of these p
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no prominent icthhaen gpee akvnéap pe 8e® t o sharpen sl
for the mcaecebasdti a#aabtd sampl e, i ndicating i
C(AFJH as the re@as3] on[whd dlee ¢ dcemabpapreda rast t81 5h o |
l ow intensity over time for both sample sets
sampl e, suggesting aASHi nicr essaied @samphé, o€ ol

carbamateated sampl e.

5. 3TBA2

Thermogravi metric anal ysi s was conducted t
identifying and quantifying reacacbonvareduat
mi xed s od4daunnd scialrabocoaitagaetde d sl ag bieserBoratboet
sampl es, a gener al increase in overall mas s
indicative of an increased extent owt .r%aeatti o
3, 7, 14, 28, and 90 othagteet, | v &tsgpe gHBd Rell eandf or
27. 1, 26.5,wt24% 6at add 26. 84, and -c9a0r bdoanyast,e f

activat &d godmpl e (
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100

90 -
1 {2
80 -
70 4
| 41
60 - -
o 4 ‘\U
% 50 s 0
40 - 1 ©
30 3D 171
] —— 7D
201 —14D| |
0] —— 28D
. 8%_Na,co, 900 | ;

I
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figst@ G/ dTG trends o-&ctsioda,uevducrBeFdd ofnoart evari ous | engths of

The TGA cur veasctfiowratcead bsolnaag edi spl ay aAfirst

of wupwtt.o% 1t curing ages up to and including
~2Wt . % at A90odaysn this region is attribute
aluminosi |l i-A-&8HR 118¥Ydratfid8(F§ observedcthatt &dr
sample, there are two sharper mass | osses in
observed f-carndt e xsodh rsh ettt dactiaet &2t e d bTi hned esre csoannp
of the two mass I|ACs,emajnsent mi hgratn~LB0ensi
age, equati g foo <eB&ch curing ageAChiowevease
slightly with curing age between 3dawdTh8sda
peak is typically associated 486lr phwbth, t meah

a |likely increase in the quantity of such pl

the continual reaction over ti me after setti
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Similarly -aot itvhaet esd | 9 amaplee, T GaAn dl amiax éd r s ibloit
carbacatieated samples display a shoACdfeor t o
|l ater curing ages, which is attribuft @8t t|
[ 189 Further to this, aS50Msss|lobBseiwedhienrlegi
each curing age, which is associated with
hydrotalfci8@] phja% &®&]r, t[hle9 Osdoclte Ivya tceadr bsocannapt! ee |,

little difference in mass lacss cdvadredt irmagiiom,
of the smal|l but estalabé i shedotgaulanitt ¢ yplods enor

the other haadbhatdte st lkedcawbepl e has a sl ight

relativeboyticmemstmass | oss in this region, s
hydrotalcite in the mixed activator sampl es.
100 3
90 -
1 42
80 -
70 -
] 41
60 - =
° ; 2
< 50 0 X
— - - — e e ] o7
= 1N s
404 '\ ©
1 41
30 4 .
] —3p |
20—. —17D 4
10 — 14D
, ]8%_Na,Si0;_Na,CO, 90D ,

' v
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figsl&8G/ dTG trends of BFS activat ed, wiurhe do oftohr svoadriiuomu ssille nc
| abell ed.

Additionally, a notable and progr eAsCs ifvoer nahses
mi xed -catbocaate sampl e, associ at eA-Shvti t he t he
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phasend dehydroxyl ati[dm6df, WHWydBlBduaglhciat enaplsa:

region may be vi-acbieated sampktarbonate sign

for the samples activated with solely silica
the inclusiresaulotfs sihiaat e nc rASHs ea nidn hsytdrroont gall
phases, paralleling with the increased rate

Finally, a mass | oss cafOfe folbrs ebrovtend sianmptl hees
points, but mor-actsbvhbedthendarbomhhite | oss I
cal ci um[ b ¢abhjdattehse decar bonati on of calcium ca
and arfapgd®&lit e[, 19R4yt, dalmM3dl so be attributed t
The presence of such carbonate polymorphs i
carbonation of sampl es, however, tahcet i ivmd reeda
sample obsegroeedphed with the iknicdWwlae dagce edii sscae
i Becth.o3n. tan be ascribed to the formation o
carbonate ions from the activator reacting

precur sor .

5. 3XRD3

XRD patterns were me-asturedt &adr an-d & micoare abtoes a
activated slag binders atrFi géeilRoonuesi gabdlr@ ng ag
respectively.-FTSIiRtnidmaedtyr da oamMd RTGA plots for
little to no change in structure over time I
ordered phase devel opment fsr oamt aanl le atrilnye cpuoriil
broad hump d28nt rcehcaract eBiOssiilci caaf pgphrasef u mah
tober-mbok-R-&€ structur e, in line with observat

Additionally, whearban®t anaxed samplcatlkeas a p
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nature with ITittle crystadtliiwaet efde adluage se x ltihh
amounts of sharp peaks, |l i kely due to the i1
The crystallinity-afcan vtah e cs d daiacgkm & chakr riiedonfa t feo r
sodium silicate/ carbonate sampb&].alAd@dist inwontal
tobermorite peaks, as well as those for hydr
sample sets at all time points, in addition

calcite and vaterite.

A
H e V c
S GS‘GGSGNGS s HAHTT ACT A
90D

[ 1 I 28D
"\

\ I W) A
I\ W, WV W P TES VA A M A A A M

» 14D
l AR

A i M Voo ) A MURAR L AR AN A

7D

M’LU_..J'WU W MJU_.WMMWM
3D

LA S S S N B B N B L S L S B S B S B B S

5 10 15 20 25 30 35 40 45 50 55
20 (°)

Fi gbfli&XRD patternsacdfi vaarehbo B&#Ftbe i ous curing ti mes, as | abel
| abeAil Ardagonit O0BRREJQAICci t e-06-BBE7 PDGayGl ussi t-2-ABRDBAHI, 0Gs

Gi smondi n@8®@PDF)HYIUH ot al cOBBLTPPNRtXIon -Q P®FOMPtrat(ADRI t e
04D 1-291BNTober mori 0484 PDfF,iVahedr Vt O6@BBRB)0O0
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C. 8%_Na,SiO, Na,CO,
H c
H c AA T ub it € a7
| 90D
‘ " 28D
A Ao ‘\"\«w—\.,\__w TR YRS R 5 . e
14D
B | i
M — w»//¥w,___uw\ ~
3D
NUSVOUON, NONUNUUMUPRNIN (FOR W A FIUREN [N 5 SR "0 WU S O N s
5 10 15 20 25 30 35 40 45 50 55
20 (°)

Fi gbl&RD patterns ofacdiilviag eeté /BFa®Er bowmat euring times, as | al
beétmbelilAedhgoAi t-00BPDPE)CRAC it e-06@DF7HY dH ot al ciOBBLTPPF adad
TiTober mori 04-849HDF. 04

The al most identical di f fcraar cht@ugdrtiaemest efdo r s atmtpe
various tkFimepwbdp®, nwst {H the exi-bt kA& amnhdtob
hydrotalcite from early age, highlights that
3 days and the main reaction phases have f ol
pol ymdrplhsi t e ainidn veaheriptaéeterns for this sa
at mospheric carbonation has taken place dur
smal | alnmeeu nstismi | ari ti es between t hearXiRDn gptad t
activated analctsiovlaetleyd ssillaigc asteempl es once mor €
sodium silicate in the mixed activatofr samp
reaction than it,s wiatrhbotnhad emeiorusnid aerfr fpergE H c e f k

peak AP& ~wBhOi ch can be ascribed to the carbon.
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For the sodlaeltyvabnebd@¢s gad @b itnhdeerpri mary amor

centri M2 astso€3 & tAeSH, wiat h hGugh existing from

intensity and sharpens over ti me, suggestin
with curing age. Further to this, the exist
al umi-snubuantialueareldb ket phase, as well as the pr
hydrotalcite from early age (3 days), which

sildiamadt hydcokivdeéed BFS, sugoast sulppl i edcodyt |
carbonate activator is | argely consumed in t
initial preferent fat tbir @m dthieo mekih@mli isgnh tod d sion

activated sl ags proceed=ori r yaarsoiximvdhea e d f als & g 0

Additionally, multiple peaks asisxmdicdtted wiattthe
and ariaegxonsitt eat al | curing ages, demonstrati
to the preferential reactienrbwt weenachboatuas

the activator or via atmospheric carbonati ol
remain stable and in the bkxltkh vattreuwc tanrde .mi kre
carbamdtieat ed s ampfl etshr & giepipareeseme,e gayl ussi
iTare observed f oractthievad elde syl aga rbbionndaetre. Nat
carbonate, |ikely exists due to unreacted ac
in theresamnlfy reacti on bet wvaenado dti hen @aadbcmatce ua
in the =wwstidmhustrated by itnhésBBDtSme3d slu Ga me n |
the other hand, thd aprhggdemece dofzegl § men dvii i é
Ca ASi0s. 40Hi n the diffract eagctaimsatfeod olhaeg ciag boob
amounts from 7 days onweaSHitsy pe umghgesas arheatf o

the initial pr etietrse nctouarlser.eacti on has
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5. 3NMR4
SolsitdEAl &4%id magic angle spinning (MAS) nucl
spectroscopy were conducted in order -to prc

activatedcamhamsdti # ahed sl ag cements evol ves

5.3.2. 3A11 MAS NMR Spectroscopy

TheAl MAS NMR spectaatfiovrattelde acwh rmexeeddieasd tl 6 ¢ «
sl ag s aFnpg Gelisd nkhi g 5L B respectively, both disp
resonance spanningppr,e wteigdl nclodar8l0y tcoonéOai
mul tiple Al sites, folbvsal7l4d ampimbBosalges-poRdsd
defirdésd tlels incorporated?(in “bhiiYX,gi ngspedtiahe
tetrahedral A(1Alr)e [9508n g idlha lgaen c¥ Hb y d Ni@an s ,
respectivel vy, i ndi c-ASHve @&f naheower mat goal o
greater degree of polymerisation as the reac
silicaatenate sl ag varies ivreer,y sliintitllag itm twhias
for thacsilbviataethre gadmplheaviinng a shappmrfesomahbc
day and maintaining this oveaeatitvartee & iCpanmpeelres e
514 the res@mpancies abtar<e14g distingpimsalylle fr
curing, but becomes gradually sharpeAkSover t
H, aligning with the preferentiaWwi rlracali onui
species from the slag inhibiting the onset
both carchowvated-candasdti&#aned sampl epspmthe
appears to increase in | mptremsinteynt ovaer 9t0i ndea,)
observationaébirvahedssl agtigndifoatmi wng ofvemot

calcium is i neAeSHp arnateirng@yier .t As G uc h, It car
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sodium silicate acceleratesasrbmaedk vradteidc s ysft
way of a reaction between the silicon specie
by the dissolving sl ag, forens ngi tchail i ume af u

reacti on.

1 N I N I

100 80 60 40 20 0 -20
Biso (*’Al/ ppm)

Fi g6t &Al MAS NMR spectra of-aBESvanet dydBFiSomscaubongt €éi mes,
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90D
28D
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O \O \O

BFS
8%_Na,SiO;_Na,CO,4
I e e L A |
100 80 60 40 20 0 -20
Bis, (*7Al / ppm)

Fi g6t8Al MAS NMR spectra of-aBEF$Svaat dyBIFiSoasetbtoaaibgnai enes,

An additional resonance is observed ppm, both
possibly containing contributionispsf rhdm mul t
correspondiYeqpvt oonmentAs in octahedr aly pfeor ma:
|l ayered double hydfd4He peabfybongptbdudtor n
product s, in |'ine with obsedriwantei oonbss efrrvoant itohne

resonan

(@]

e6 @ pmthegi8ddn, HBbsechgdedt aksiohance

—

intensity at 1 dagctuvangdfesamphe, chubbhat ei

reactio

=]

occurring at this time pointt,hebut t
continuous main reaction beyond the first f
activated sl ag, i thob®& Spopno ti sc | peraers einft ,a csoirg reaslp
Athird aluminate hydNASHED6DN [he88mrd 2Biél] ipd &

bridgi« @NAIltOe WwWA-SFH[iln9 7dsuggest i ngactthiavta ttehde ssl



binders exhibit a greater ex-aent vatfed-earcd i ®

carbamcdateated sampl es.

Addi t itohsd li Igyh,t b r osapda nrne snogmp ginic et ltna t3 Owas obser
sildacat eated sl ag sampl e anedawaxn cti mmgt gteinuk ealhy
withifNHEEH ¢Gel interl ayer, i s not-oorb sseirlviecda tic
carbamcat«eaThd pragence Wwd & .pBe scoonrarnecsep oantd i n g
Al sites has been obsdr[vd8d nion { letcsttfiudayt ebdy is\W
but al so forambowadd sC h-abbheated sl ag bi nde
formulations to this?B8ltubMAS NNMRdspeavobaut iso

formation of this pentahedral Al environment

5.3.2.43%5i2 MAS NMR Spectroscopy

For 2$iheMAS NMR s peecatcrtai voaft ecda rabacda enbi-exmeddi esd tl @ o &
sl ag s aFmpglGetsd, nkli 6t 2 respectively, a broad mo
at ppPM® associated with unreacted sl ag partic
over time, consistent with the increasing ex
t hreeesdomrances are/75S i8Bfpdpmef bet weéh sampl es a
however, their inteinsi7B8i-B. 4;:8dpPdnTcer siegpalhs
QY 1 1) 1 AIQ) ?umaintds ,Q respectively, indHdai® vCe of
Hphase, |l i kely to be a sodium and alNAmi ni um
SH) 58] , [ 16Etpbns|[2806Bht with previous studies
and caabbnaeadaeed [H$I8dg d&MBdgntFor 8 ®pt h[ 2@Dnjpl e s e
incredsetes RQeédiattéevyeover Qi me, which suggest
pol ymerisati-ABHwphasa. t Mer €over lbpa-8Plpinght r

becomes visible at | onger curing t-amésyahedi
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sampl e,

of

elrionsksi n g( NAFS-Ht Is¢ r0x8 Ju,r e[ 9 6]

8%_Na,CO,
-60 -65 =70 =75 -80 -85 -90 -95 =100
Biso (2°Si / ppm)

which¥ LAl attanbduwbhdseopRQesence

means

Figb6t&%5i MAS NMR spectra of-aBEBvaadds@8FiSaomscaubbngtei mes,

BFS

8%_Na,SiO;_Na,CO,
-60 -65 =70 -75 -80 -85 -90 -95 -100
Bis, (*°Si / ppm)

Fi gbté&%5i MAS NMR spectra of-aBESvaahedeu®BFISonatelsi hgcat mes,
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The three main resonancegp3i-d® nd8Brpdpime carien ftuhrd |
probed in the dBcoMASI WMRospett t-laenfdors-ibotchat
carbamcdateated sl ag Ffampil&snEdi ggsb-d®howrspienti ve
Additionally, thievSepr eqienag® nonfe nd sf iarrteherdefnt i f
signailss-78t-7. 0,-92amd at t}rli)iutAd d* tb&!l M*oand Q
QC3AlI ), respecH{iNG-BHYhewi tdkenbhi fhea€siotnesofi n wo
sampl es, d(els)i gorad p® Qorrespond to the shiel

bal ancomn‘grhMa’Car espectively, as deter[m@me&]ld by
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-85 -90 -9 -100 -60 -65 -70 -75 -80 -8 -90 -95 -100

B, (°Si/ ppm) Biso (2°Si / ppm)

Q') @21A) 8%_Na,CO,_ 28D
A

Q') Q%(1AN)
N

T T
-60 -65

T T T
-70 -75 -80

T T T 1 I T T T T T T T 1
-85 -90 -95 -100 -60 -65 =70 =75 -80 -85 -90 -95 -100

Bis, (2°Si / ppm) B, (2°Si / ppm)
8%_Na,CO, 90D @A)
60 -65 -70 -75 -80 -85 -90 -95 ~100
B, (2°Si / ppm)
Figsl&3%i MAS NMR spectmwa sbhdi uml gqrahanidthatied assocl atedctecoa
case, the data are shown in black, the fit (shown e n red)
data and the fit is shown i(nNAggHeane Phaldedaihnr ileuwegdwisblt &ist
within remnant anhydrous slag are shaded in grey.
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Smal |l amBainttess odr e identified in th&Gssspectra

72

Ga

ppm, as well as quantities of remnant anhy
ussian pelask-7T&ePtmr, i Mptdt of which reduce in
|l ative quantifications of Si sites as a fu
convol?’8ti MASONMR spectr aTasbita mTacbSBecor ded
rboarmad es¢c di b@acadt « ated sl ag samples,- respe
tivat edwbofndelrag ~p®drticles hav® afetaecrt ed0 i d:

curing, while the mixed &cthindatdi? slaang | ks

acted at 1 and 90 days % radd mectli%dealyy,@ nidnd Oc
ys for-atcheé vailidc staenpl e. Thi s proves the ¢
al | of the activated slag bindarcd, vaneda
mpl es due to the upteake of silica into the

Tab32&lMR parameter-acfbobvatadbebageaampide s r’dm tMAe&S dNevRo rspelcu tr &

Assignment
P t 3
arameter | Unreacted | o0 | cay | Qrany | @2 | QA | 200 | QUA) | QaAl)
slag Q*3Al)
Sample
Uiso (PPM) -75 72| -76 | -78.6 84 4| 814 -92 -87 -87
FWHM (ppm) 13 5 6 3 | 38 3 8 9 9
co, 1p |Reltveintegrall 454 | 351 121 | g6 | 115 132 | 34 35 0.0
area (%)
co, 3p |Relatveintegrall a5 | 55| 94 | 120 | 132| 156 | 28 5.8 0.4
area (%)
co, 7p |Relatveintegrall 5,4 | 55| gg | 138 | 13.8| 164 | 28 6.2 0.9
area (%)
co, 28D | Relatveintegrall 5,0 | 15| 97 | 145 | 143| 172 1.4 5.5 1.0
area (%)
co, oop | Relatveintegrall 55 2 | g5 | g1 | 144 | 169| 15.9 2.2 7.1 2.0
area (%)
There is ali kce@Q2qprPam c ea sasti agnnde/ dp BtAdQ) Q Si environr
wel |l as o eo-8a7npoptnh, e ra sasti g A(eldA It)6 4do&i1)0e]r, QRO 7 ]
resonainsee87ptPm i ncreases steadil yaondes-iltimat
carbacdtieated samples , tiswBllpfm iherpaaglksaf osi
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activator sampl e andadticy ®tasede ssdmpl|l ¢ hev erartbio
activated samplies87ppm resassangpedtto both t
QX 1AI) Si env-{ Nd®Hneahd Bhs(c@Adgmeen®@i ronment
pol ymerriisceAddSHNdhagseal i gning with the st4+uctur.
l inked substituted tobermoretdgdBddiehlA-&H (NCST M)
phafsoer ms in H{dNA-BEHIi om $wpwysiCems with high Al an
up &f4AQ )4 &8mMd )Qsites, as seen-achi paeedoss agt
[ 58], [Mb%4«jover, it is necessaryllGtse92pPmi bute
t o4 @Al ) as, waed In@asalQihmdsaom sdc o n tc d(itd4eA |s)d |12ENd\t sQ

and as such an addiftypeaalbnirtepriesenequi-oad.ofT
A-SH gel i n additi onNA-SH thhaes nboereen toybpsiecravie dC i n
of bot hansd Iciacaabtbpenadaeed|[ S8hg b7vbHderpg83] ., [92],
Some studies demonrsitamtgao g dlay merl su mf@BiAda)i n a
and( QA ) units, which supports such identifi
study, suggeatihgatdedt sladkabinders <touled ir
products | i-AR&SHedttoctireesN usuwdlcli ywimf aslinddn ciant
precbased [AA(s, [ 209he [0dBE@ vation of the de
sites asiss-@B8pfAmtover ti me -afcotri vtaltee dc a&ri madreat, e
decreasetien, Qr‘a8 hle)y, tthae QA4 4Ale) isnictreesa soeb soefr

requiremeft3Ad ) Yl#wdh)-QR iostc oi n t heA-FH.r mati on of

There are not%4UHIA¢ )amotreiss pofes@®nt in both sart
which steadily increases with curing age, i
the( NB-SH structur e, and t3hEeAlIn)otwmiltes exti s¢ @mlc

growth over ti-(IMA-SHuggestigntihatca@tly crosslirt

only improves with?*duari)dg8mrdT)hQee ngvriorwot nhmeonft sQ b
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days

cur i

rates for

ng

and

steadi

y

ncr ea-&-& wat hst mmke

-bodhscarbacat &« at ed

TabSt3& MR parameters

s |

ag

bi

forasctiilvated, shagrcaabhphat 2&m

nder s.

tMAES dANeMdRo n v o

spectra.
Assignment
Parameter | Unreacted | ~o | ~1 Qlor
[ 2l 2 (1Al 1A Y4Al
Sample slag Q% QX)) [ Q) | Q° | Q1A QY(3Al) Q(1AN) | Q%4Al)
tiso (PPM) -75 -72| -76 | -78.6 | -84.4 | -81.4 -92 -87 -87
FWHM (ppm) 13 5 6 3 3.8 3 8 9 9
Relative
SiO;_CO; 1D | integral area 35.7 23| 87 16.7 | 145 16.5 3.0 2.7 0.0
(%)
Relative
SiO;_CQOs;_3D | integral area 29.4 23| 84 | 164 | 153 16.8 6.1 5.0 0.3
(%)
Relative
SiO;_CQOs;_7D | integral area 29.6 15| 8.7 19.2 | 156 17.7 2.4 4.8 0.5
(%)
Relative
Si0s_CO; 28D | integral area 235 15| 9.0 | 17.8 | 183 | 185 3.0 7.6 0.8
(%)
Relative
Si0Os_CO; 90D | integral area 18.4 16| 7.8 | 176 | 20.7 | 196 4.4 7.9 2.1
(%)
Moreover, the Yle)) admd#pQsiumedfr @mai ns r el
9@ays for both sample sets; or he mixed
remains the same,-awhi lbvatedr same !l e ar(blbe asti e least
decreases at a similar rat & Itlo) tshiet e sn carse atsiem
This suggests an increased amount( Ng-BHcal ci u
structure over ti me, consi stent with -the
activated binders.
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8%_Na,SiO; Na,CO, 1D 8%_Na,SiO, Na,CO, 3D
Q'

(1l
adh Q?(1A1)

QY(1AI+Q*(4AI)

e T T s P T s T smsssa e oD
\/

Al T T T T T T T T T
-60 -65 -70 -75 -80 -8 -90 -95 -100 -6 -65 =70

1 T T T T T T 1
-7 -8 -8 -90 -95 -100

810 (°Si / ppm) 8o (2°Si / ppm)

8%_Na,SiO, Na,CO, 7D

7 8%_Na,SiO, Na,CO, 28D
J0)

Q'
QA (I Q¥(1A1)

QY(1A1)+Q*(4Al)

. P —— e S U
. o

T T T
-60 -65 =70

T T T T T 1 T T T T
=75 -80 -85 -90 -95 -100 -60 -65 =70 =75 -80

-;35 -éo -5')5 -1|00
B0 (2°Si / ppm)

B, (2°Si / ppm)

Fi g6t @5%i
each case
the dat a

sites wit

8%_Na,SiO, Na,CO, 90D

Q'

Q(1A1)

Q'() Q(1AI+Q*(4Al)

st N e

I T T T T T T T 1

60 -65 -70 ~-75 -80 -85 -90 -95 =-100
Biso (2°Si / ppm)

MAS NMRB$@etivatfedr witbasbdimatde ¢ ihleiicatassoci ated
s the data are shown in bl ack, the fit
and the fit i s

(mown i

hin remnant anhydrous sl ag are shaded in grey.
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An increase (inhAlgudaand YQi ®folRserved for both
correlates to the incre@BNAReSH nasmecaunr icnhgaitni mee
Fi gboR2p. Further mor e, the increase of these
tetrahedrbBigbltasdt @81t 8 or bot hacoctairvwatnead eand s
carbacadtieoeated BFS, respectively, whi'dhSiin tu
over timeigha@nwhnch further suggests the gt
C(NASH as curing time progresses?“ohhei homnmea

produAk$H, Nt ypically causes a -(rN)eéStHc tsitonucitmur e

however, the quantifications b'@asedsosugpest:
smal | ameAuSFHt si soff oON mi ng d4awctthasedcal bgnateen
sufficient enough to affect the crosslinking
015 T T T T 11 T T T T T T T T T
a ]
10 - - .
| L
Aa 2
0.10 - A - o {24 . -
e = I | A
i’-___Q A @ — .
23: % 84 » b
-
0.05 @ - 7 4 .
| = Na,SiO, = Na,SiO,
Na,SiO,/Na,CO, 6 o Na,Si0,/Na,CO,
A Na2003 . Nazco3
0.00 T T T T 5 T T T T T T T T T
0 20 40 60 80 100 0 10 20 30 40 50 60 70 80 90 100
Curing Age (days) Curing Age (days)

Fi g62@llsSi rat i oc aarnbdeanivb@Lesiin i c eatcd /i vamw e@m BtFéSanec ul at ed using t
and 298Si MAS NMR spectral deconvolutions.

5. 3 SEMDX
Scanning el ectr ousdmifcorro spcroopbyi ncgant hbee sur f ace
binder s, and when partneayd( wvDX)h aemealrygsyi sd,i s

composition of the sample surface can be det
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over different curi ng-alcangitalt se.d S$SH M gt i@ gredke r fsq

521landi gb2@ di splay a generally dark grey bt

phases, i ncl udA-8H, thhydrloitkaelscidfe, Cand <cal ci u
amongst others, surrounding |ighter grey untr
stations, may al so be visible, due to the u:
study. Additionally, some pores are Vvisible

exi st on the nanoscale analges®. are not as pro

Figb28BEM i mages Hotivatk badtn BF00x magni fication, for vario

|l mages for -atche vad rhoRrBdgIe2Eampw emi ni ma l physic

over time, other than the bulk structure bec
days curing, surrounding similar amounts of
silicaabeacdt e« at &d gb@Bpl @l 60 contains unreact
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much smaller amounts and of a smaller size,
increasing the dissolutio-mandf saltdgaaRiemi Isami
t he micxedated sl ag binder ditspuatysr @a antu chO0 md
further reduced amounts of slag particles i
reaction with curing timeactitvatebtiog@&mpl & aitn
i ncl udelsi kbel ofoemat ur es on the surface, noticea

part to the solvent exchange and epoxy i mpre

Fi gb28EM i mages for sialcitdatag edh BFGAOkomagei fication, for
Il abel |l ed.

El ement al mappi pag tfiovra ttendd gcadm@pbhoermestnea c | ear di
bet ween siraigcltpairn igilleiscon,iaaldurmihrei smrarmd nadln
bul k structure, which mostly consists of sod

However, by 90 daalst,hotuhgeh ssltaigl |p acriteiacrileys ,di st
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structur e, consi st mostly of silicon with

aluminium from the slag i-ASBrpbrattogemdue B

(on

onding nature. Furthermore, t he ebudlke nheyndtrsa

ncorporated more evEmd ge adbgdirnsatliaamrs fcamria
composition align with the expected increas:
amount of hydr &toe phadhd&Of eamphgs, there are
high sodium concentration, |ikely due to the
on the surface rat-A&H ohahor mcogfAtSiHa phegen d a

as suppof8iedMAY NMR spectral dseoBiv@h.A@t holds

Mp
MAG: 1000x HV: 15kV WD: 9.4mm

Fi g62 &l ement al cnaarpbpeannagti ef @, ecdu rBeFdS at 7 and 90 days, as

Furthermore, the el emental mapcanRrc@gudtredt eda

slag bFingé&Pd&ailso di splay areas rich in al umi
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remnant sl ag particles surrounded by a bul k
sodium and oxygen, and some silicon, with an
90 days, indicative of i n¢Ne3spad/ eArSHN mtnsd o f
hydrotalcite, respectively, at | &gAkr a@®idring

MAS NMR spectr a.

Figb2&l ement al mapping-atorva,t edwrBeFdS/atarm osnmd e90 days, a
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