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Abstract

Most concrete is produced usinglcium (alkali) aluminosilicate hydte (G(N-)A-
S-H)-based cementHowever, the chemistry of this phase in many cerbased
materias is still not fully understood. This thesis presents a structural and
thermodynamic investigation of-@MN-)A-S-H and G(N-)A-S-H-based cements to

provide insight into the chemistry of these materials.

A mixed crosslinked and norcrosslinked tobermoritdike structural modefor C-
(N)-A-S-H is developed(the CSTM), which moreappropriately describe the
spectroscopic information available for tlpkase.Application of the CSTMto a
NaSiOs-activated slag cement cured for 56 and 180 dajisaiesthe presence of a
poorly-crystalline zeolitdike phaseThe role of Al in crossinking of C-(N-)A-S-H

is also studied, which provides more advanced description of the chemistry and

structure ofC-(N-)A-S-H than previouslyeported

A thermodynamicmodel for C-(N-)A-S-H (CNASH_ss) is derived, which greatly
advances the utility of thermodynamic modellimfgC-(N-)A-S-H-based cements by
explicitly defining Al and alkali uptake in this phase. The chemistry of alkali
activated slag (AAShased cements is simulated using CNASH_ss and an ideal solid
solution thermodynamic model for MgA&H-LDH that is also desoped in the
thesis. This analysiprovides a good description of MaOs-activated slag cement
chemistry and accurately predicthemical shrinkagein this material Phase
diagrams forNaOH, NaSiOs;, NaSi,Os and NaCOs-activated slagpased cements

are @so simulated These results can be used to design the chemis&kpS-based

materials.



v Abstract

A detailed analysis of @N-)A-S-H solubility is presentedpr Ca, Al, Si and alkali
concentrations most relevant to(8-)A-S-H-based cements and at temperatures of
7-80°C. Solubility products for alkalfree G(N-)A-S-H change slightly between 7°C

and 80°C and as a function of Al/Si ratidowever, less soluble -(N-)A-S-H is
formed at higher Ca and alkali content. These results are important for understanding
the dability of C-(N-)A-S-H in the majority of cemerbased materials used

worldwide.
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Preface

This thesis is mainly comprised of a collection of papers that have been published in
or are currently in preparation for submission to gegrewed journals, which have

been reformatted and revised for improved cohesion. Therefore, each results and
discwssion chapter (Chapters9} contains a conclusions section, wathadditional
conclusionchapter(Chapter 10and recommendations for future wq@hapter 11)
provided to unify the thesis as a whole. The literature review includes additional
discussion of thermodynamics, and structural and thermodynamic models that are not
included in the publications from the thesis. Most of the experimental details are
provided in the materials and methods chapter (Chapter 3), although some
information is provided separately in the results and discussion chapters for
improved clarity and flow, such as the thermodynamic data used to describe solid

phases.

The work presented ithe thesis was conducted at three different institutions
Chapters 4 and 5 were completed at the University of Melbourne and the University
of Sheffield: scanning electron microscopy results waeasuredoy Rackel San
Nicolas, and Xray diffraction and nclear magnetic resonance data were obtained by
Susan A. Bernal with assistance from John D. Gehman. Chapters 6 and 7 were
completed at the University of Sheffield. Work on Chapters 8 and 9 was conducted
at the Laboratory for Concrete and Construction Gkey) EMPA, in collaboration
with Barbara Lot h épid avithhassiatamde freinmSalahieddinel 6 H
Alahrache and Daniel Rensch for the nuclear magnetic resonance experiments, Luigi
Brunetti and Boris Ingold for assistance in the laborat¥ryay diffraction and

thermogravimetric analysisind Ellina Bernard and Nikolajs Toropovs &aiditional
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assistance with thermogravimetric analysis. The ion chromatography data was

obt ai ned bbpital with adsistasmce EramH.uigi Brunetti
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mass% Si@and B) 40 mass% SpOwith only the regions of stability for-QN-)A-S-

H gel and zeolites shown (Mgpntaining phaseare also typical reaction products:
MgAI-OH-LDH at moderate and high AD; content (AOs/(Ca0+Al,03+MgO) >
0.1); and brucite at moderate and Ilow @ concentrations
(Al,04/(Ca0+AI03+MgO) < 0.25)). See text for the GBFS, FA, MK and PC
chemical compositins used.The w/b ratio is 0.4the overall precursoreaction

extent is 60% and the units are iN BMBCHON.........oov i 208

Figure 7.10. Phase diagrams in the relevant bulk -880s;-MgO composition

range for NaOHkhactivated slag cements derived from slag witti38)wt.% SiQ and

B) 40 wt.% SiQ, NaSiOs-activated slag cements derived from slag with C) 30 wt.%
Si0, and D) 40 wt.% SiQ NaSi,Os-activated slag cements derived from slag with

E) 30 wt.% SiQ and F) 40 wt.% Sig) and NaCOs-activated slag cements dexd

from slag with G) 30 wt.% SiQand H) 40 wt.% SigQ with all slags containing 2

wt.% SQ equivalent. The w/b ratio is 0.4, the slag reaction extent is 60% and the
units are in mol fraction. Listings of the phases present in each of the regions on each

diagram ae provided in Tables 7=A.5. ..o 209

Figure8.1.Cu KU di f f r aA) €C-8&Hd, anaBhAl/Siv ¥ 0.05, IC)eAl/Si* =

0.1 and D) Al/Si* = 0.15C-A-S-H systems. Data at 20°C are reproduced from

(L'Hopital et al). The peaks marked by;@nd G represent €A-)S-H products with

average bad spacings similar to 14 A tobermorite and 11 A tobermorite

respectively, and C represents-(&)S-H products with similarities to both
tobermorite types. There is an additional u
trace for the Al/Si = 0.1, 7°C samgleot shown). Al/Si* = bulk Al/Si............... 224
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al). The data are represented by siashed traces at 7°C, ledgshed traces at
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assigned to €A-)S‘H and the decomposition of -@-)S-H to wollastonite
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Figure8.5. Solid-state’?Si MAS NMR spetra of theA) C-S-H andB) Al/Si* = 0.1
C-A-S-H systems. The fits and deconvoluted peaks for the spectra of the 80°C
samples are shown as bright red and blue lines respecfividychemical shift range
corresponding to aluminosilicate sites in stratliegs approximately80 to-90 ppm
(Kwan et al., 199p Data at 20°C are reproduced frqiiHOpital et al). Al/Si* =

DUIK AIZSi ...ttt reent e e et e et e e et e emmnseeeantee e 238



XXXVI List of Tables and Figures

Figure 8.6. Solid-state?Si MAS NMR spectra of the G-H systems (Al/Si = 0)
equilibrated at AY°C, B) 20°C, C) 50°C, D) 80°C.......vvvveeorroeeeeorooeemeeeeee 239

Figure 8.7. Solid-state”®Si MAS NMR spedata of the GA-S-H systems Al/Si* =
0.1) equilibrated at AJ°C, B) 20°C, C) 50°C, D) 80°C.........rveerverreerereemrenns. 239

Figure 8.8. C-(A-)S-H structural parameters calculated from deconvolution analysis
of the?°Si MAS NMR spectra, determined using tB&M (Richardson and Groves,
1993h for the noncrosslinked phasesnd the CSTMMyers et al., 2013for the
mixed crosdinkednon-crosslinked phasesThe siza of the symbols neresentthe
expected error bounds of the deconvolution results, except for the Al/Si* = 0.1, 80°C
sample, where the uncertainty of the MCL calculation is represented lpybarso

The crosslinked phase fraction for the-&-S-H productin this sample has an error
bound of +0.05 aneD.1, as marked by the dotted black lines. Al/Si* = bulk Al/Si

Figure 8.9. Comparison between the chemical compositions of &&El products
in the Al/Si* = 0.1 samples, as determined by mass balance (TGA, XRD, aqueous
phase compositions Table 8.5) and deconvolutions 8iSi MAS NMR spectra
(Table 8.6).The sizes of the symbols ngresentthe expecteduncertainty inthe

spectradeconvoltion results The solid y = x line is intended as an-gyede only...

Figure 8.10. Calculatedlog:o(Kso) values forhypothetical G(A-)S-H endmembers

with chemical compositions of Ca/(Al+Si) = 1, Al/Si = 0, 0.05, 0.1 and 0.15, and
H,O/Si = 1.2, andhormalised to 1 mol Si© The approximateuncertaintyin the
log10(Kso) Values are =1 log unit. The solubility product for the @-S-H product
formed in the Al/Si* = 0.05 sample equilibrated at 80°C was calculated with [Al] =
0.001 nmol/L because the measured Al concentration was below the detection limit.
AlSI* = BUIK ASI ot eeet et emeere e nee e s s e e s san 244



List of Tables and Figures XXXVII

Figure 9. 1. Cu K-(N-)AdS-H sampies doquliprated mts50°0: fA) C
Ca/Si* = 0.6 and Al/Si* = 0; B) Ca/Si* = 0.6 and Al/Si* = 0.05; C) Ca/Si* = Han
Al/Si* = 0; D) Ca/Si* = 1 and Al/Si* = 0.05; E) Ca/Si* = 1.4 and Al/Si* = 0; and F)

Cal/ Si * = 1.4 and Al / Si* = 0.05. The pe:
assigned to Khatrolite and carbonated calcium hemicarboaluminate. Ca/Si* k= bul
Ca/Si. AlISI* = DUIK Al/ST ..t rrmmme e 255

Figure 9.2 Average (¢hoz) basal spacings (estimated uncertainty = 0.5 A) of the C
(N-)A-S-H products synthesised with A) Al/Si* = 0 and B) Al/Si* = 0.05 (large
symbols). Small symbols are data from samples equilibrated at 2qEEdpital et
Al). AlISI® = DUIK Al/ST .. s 257

Figure 9.3. TGA results for-{N-)A-S-H samples synthesised with Ca/Si* = 0.6 and
A) Al/Si* = 0 or B) AI/Si* = 0.05. The p
dehydration of @N-)A-S-H. Ca/Si* = bulk Ca/SiAl/Si* = bulk Al/Si ............... 260

Figure 9.4. TGAresults for G(N-)A-S-H samples synthesised with Ca/Si* = 0.8 and
A) Al/Si* = 0 or B) Al/Si* = 0.05. The peak marked by # is tentatively assigned to

dehydration of @N-)A-S-H. Ca/Si* = bulk Ca/SiAl/Si* = bulk Al/Si ............... 261

Figure 9.5. TGA results for QN-)A-S-H samples synthesised with Ca/Si* = 1 and

A) Al /Si* = 0 or B) Al/Si* = 0.05. The g
assigned to decomposition of-(¥-)A-S-H. Ca/Si* = bulk Ca/Si Al/Si* = bulk
ALISI et e e e e en——————aaaaa e e e e e e e e e e e e e e nna——— e e e e e e e e e aanannn 262

Figure 9.6. TGA results for-{N-)A-S-H samples synthesised with Ca/Si* = 1.2 and
A) Al /Si* = 0 or B) AlI/Si* = 0.05. The p
decomposition of €N-)A-S-H. Ca/Si* = bulk Ca/SiAl/Si* = bulk Al/Si........... 263

Figure 9.7. TGA results for the-®I-)A-S-H samplesynthesised with Ca/Si* = 1.4
and A) Al /Si* = 0 or B) Al /Si* = 0.05.



XXXVII List of Tables and Figures

assigned to decomposition of(8-)A-S-H. Ca/Si* = bulk Ca/Si Al/Si* = bulk
AlIST oo —————————————————————— 264

Figure 9.8. TGA results for the-®I-)A-S-H samplesynthesised with Ca/Si* = 1.6
and A) Al/Si* = 0 or B) Al/Si* = 0.05. Ca/Si* = bulk Ca/SAl/Si* = bulk Al/Si ........

Figure 9.9 Concentrations of dissolved Si, Ca, Gdfdd Al in the supernatants of the
C-(N-)A-S-H samples: A) [Si], Al/Si* = 0; B) [Si], AlSi* = 0.05; C) [Ca], Al/Si* =

0; D) [Ca], Al/Si* = 0.05; E) [OH, Al/Si* = 0; F) [OHT], Al/Si* = 0.05; G) [All],
Al/Si* = 0.05. OH concentrations are calculated from pH measurements at ~24°C.
The estimated relative uncertainty of the IC measuremerts0i%. Ca/Si* = bulk

Ca/Si. Al/Si* = bulk Al/Si. Lines are for eyguides only.............cccceeeeieiiesieennnns 272

Figure 9.10. HO/(AI+Si) ratios of the @N-)S-H (dark symbols) and Al/Si* = 0.05

C-(N-)A-S-H (light symbols) as functions of the Ca/(Al+Si) ratio, for samples
synthesised wih O0. 1 M al kal i hydroxide solutions
estimated absolute errors are +0.05 units in the Ca/(Al+Si) ratios and 0.2 in the
H,O/(Al+Si) ratiosof the G(N-)A-S-H products.........ccceeevveeeeiiiiiiieeeiieeceeeeee 284

Figure 9.11. Na and/or K uptake in the(l-)S-H (Al/Si* = 0, dark symbols) and
Al/Si* = 0.05 G(N-)A-S-H (light symbols) as functions of the Ca/(Al+Si) ratio, for
samples synthesised with 0.1 M alkali hydroxide solutions at 50°C. The estimated
absolute errors are +0.05 units in the Ca/(Al+Si) ratios and8xQrfits in the
(Na+K)/(Al+Si) ratiosof the G(N-)A-S-H products..............ovvvviiiiiiiiceeiinennns 286

Figure 9.12. Solubility productsK{ for hypothetical GN-)A-S-H phases with
chemical compositions of A) Al/Si = 0 or B) Al/Si = 0.05, Na/(Al+Si) = 0.1 for the
Na-containing systems, /KAI+Si) = 0.1 for the Kcontaining systems, 4@/Si = 1.2,

and normalised to 1 mol Al + Si at 50°C. The estimated uncertainty depicted as error

bars is £1 unit in the lag(Ks) values, except for the points with downwquaminting



List of Tables and Figures XXXIX

arrows, which additionallyepresent maximum solubility product values as described
in the text. The small crosses are solubility products for-reechbers of the
CNASH _ss thermodynamic mod@yers et al., 2014at 50°C. Al/Si* = bulk Al/Si.

Lines are for ey@uides ONIY...........ccuuiiiiiiiiiii e 288

Figure 9.13. Soligstate®’Si MAS NMR spectra of A) §N-)S-H (Al/Si* = 0) and B)
C-(N-)A-S-H (Al/Si* = 0.1) samples, synthesised with Ca/Si* = 1 and equilibrated at
50°C. The fits and deconvoluted peaks for the spectra eofwitersynthesised
samples are shown as red and blue lines respectively. Deconvolutions for each
spectrum are shown in Figures 3945. The relatively high level of noise in the
spectrum of the Al/Si* = 0 sample synthesised with 0.5 M NaOH/0.5 M KOH is
caused by the very rapid relaxation of tkeenple. Al/Si* = bulk Al/Si............... 291

Figure 9.14: Soliestate®’Si MAS NMR spectra of GN-)S-H samples synthesised
with Al/Si* = 0, Ca/Si* = 1 and A) water, B) 0.5 M NaOH, and C) 0.5 M NaOH/0.5
M KOH, and equilibrad at 50°C.........ccoiiiiiiiiieiiiiieeeiiee e eeeeeeeeeeee e 292

Figure 9.15. Soligstate?®Si MAS NMR spectra of §N-)S-H samples synthesised
with Al/Si* = 0.1, Ca/Si* = 1 and A) water, B) 0.5 M NaOH, and C) 0.5 M
NaOH/0.5 M KOH, and equilibrated at 50°C.........ccccceeeeeiiiiieeeeieeeeee e 293

Figure 9.16. @N-)S'H and G(N-)A-S-H strwctural parameters calculated from
deconvolution analysis of thé’Si MAS NMR spectra (Figures 9.1815),
determined using the CSTKkMyers et al., 2013for mixed crosdinked/noncross

linked tobermoritdike phases. The expected error bounds of the deconvolution
results are represented by symbol size for the Al/Si ratios, by dotted black lines for
the crosdinked phase fractions and by error bars foe MCL values.Al¢q =
percentage of Al in crodsked G(N-)A-S-H (eq(5.1)). Al/Si* = bulk Al/Si....... 297

Figure 9.17.Solubility products for &N-)A-S-H plotted as a function of MCL,

calculated using the dissolution reaction shown in eq.(3.8) with regions: A)



XL List of Tables and Figures

describing G(N-)A-S-H with highly variable Ca/(Al+Si) ratios and slightly variable
MCLs; and B) describing ON-)A-S-H with variable Ca/(Al+Si) and MCL. The
references for the symbols used are: blue diamonds, this study; green chi@es, C
)S-H equilibrated at -B0°C in(Myers et al., 2015p red triangles, €N,K-)A-S-H
equilibrated at 20°C ifL'Ho6pital, 2014 L'Hopital et al); and grey squares,-&H
equilibrated at 22°C iiChen et al., 2004 Solubility products are calculated using
H,O/Si = 1.2 and Ca/Si ratios taken directly from the literature for the déG@hen

et al., 2004, or specified to have a total of 1 mole Si + Al with Ca/Si and Al/Si ratios
equivalent to the bulk CAl-Si compositions used, Na/Si ratios = 0.1 foe Na
containing phases, K/Si ratios = 0.1 for thed#htaining phases and®/Si ratios =

1.2 for the data ifL'HO6pital, 2014 L'Ho6pital et al, Myers et al., 20150band in this
study. The expected experimental uncertainty is represented by error bars, or by the

size of the symbols used in the absence of horizontal em®fdrdVICL values..299

Figure 9.18.Solubility products for @N,K-)A-S-H plotted as a function of the
MCL, calculated using the dissolution reaction shown in eq.(3.8) at a Ca/(Al+Si)
ratio = 1. The references for the symbols used are: diamonds, this study (Ca/Si* = 1);
circles, G(A-)S-H synthesised with Ca/Si* = 1 and equilibrated at520C in
(Myers et al., 2015p triangles, G(N,K-)A-S-H synthesised with Ca/Si* = 1 and
equilibrated at 20°C in(L'Hopital, 2014 L'Hopital et al); and square, &H
equilibrated at 22°C with Ca/Si = 1.03(8hen et al., 2004 Large symbols are data

at Al/Si* = 0.1 and small symbols are data at Al/Si* = (NZK-)A-S-H solubility
products are calculated using®Si = 1.2 and Ca/Si ratios taken directly from the
literature for the datum i(Chen et al., 2004 or specified to have a total of 1 mole

Si + Al with Ca/Si and Al/Si ratios equivalent to the bulk-&laSi composions
used, Na/Si ratios = 0.2 for the NMantaining phases, K/Si ratios = 0.2 for the K
containing phases and®/Si ratios = 1.2 for the data {(h'Hbpital, 2014 L'Hbpital

et al; Myers et al., 2015band in this study. Error bars represent the expected
experimental uncertainty except ftne point with a downwargointing arow,
which additionally represents a maximum solubility product value, as described in
the text for FIgUIre 9.12.... ... e e 300



List of Tables and Figures XLI

Figure A.1.Cu KU di f fofrCaAeStHosgmpkesnaith A) Al/Si* = 0.1 and
equilibrated at 80°C, and B) Al/Si* = 0.05 and equilibrated at 50°C, heated to the
temperatures shown indtplots. Al/Si* = bulk Al/Si..........ccccooiiiiiiiiiieeeiiiee, 348

Figure A2.Cu KU di f DbfrCqdA-)S-H gamples quilibrated &0°C with
A) Al/Si* = 0 and B) Al/Si* = 0.05, heated to the elevated pematures shown in the

Figure D.1. TGA results for ON-)A-S-H samples equilibrated at 50°C with Ca/Si*
= 1 and Al/Si* = 0.1. The peak marked by @ is tentatively assigned to
decomposition of €N-)A-S-H and GAcH;;. Ca/Si* = bulk Ca/SiAl/Si* = bulk



XLII List of Tables and Figures



Nomenclature

Glossary of symbols

a

(V)

7!

a,b, .. e
A

BCI
bSC
BT

B,

L1, i,
v, V, VI

i1i2i3€ s
IAP
IC

Extent of substitution of trivalent catiddin bridging sites

lon size parameter in tlextended Deby&llickel equation
Stoichiometric coefficients in the additivitgethod
Temperaturelependent electrostatic parameter in the extel
DebyeHuckel equation

CombinedBT, CB andIC sites BCI=BT+ CB+ IC)

Neutron scattering length

Bridging tetrahedra

Pressuralependent electrostatic parametertlie extended Debye
Huckel equation

Shortrange interaction parameter in the extended Déhiekel
equation

Charge of the charggalancing interlayer cation

Crosslinked

Interlayer chargéalancing species for bridging tetrahedra
Chainlength of an enagnember in the sublattice solid solution moc
Absolute isobariheat capacity at standard state

Quadrupolar coupling parameter

Interstitial 'solid solution' Ca(OH)

Coefficients for theCB sites

Coefficientsfor thelC sites

Standard Gibbs free energy of formation

Gibbs free energy of mixing

Excess Gibbs free energy of mixing

The amount of water per dreierketten unit in a tobermdbkiee
structure

Standard enthalpy of formation

Species of the sublattice solid solution model

lonic strength of the aqueous electrolyte phase in the exte
DebyeHuckel equation

Stoichiometric coefficients of the sublattice sites in the solid solt

model
End-member of the sublattice solid solution model written in term
the species substitutsed i n su

lon activity product
Interlayer chargdalancing species for tHeJ sites

XLl



XLIV

Nomenclature

Glossary of symbolsontinued

W
k

Interlayerwater

Endmember of the sublattice solid solution model

Solubility product

Solubility product at zero ionic strength

Chargebalancing interlayer cation

Interlayer water content

Molecular weight

Non-crosslinked

Avogadroconstant (6.022 x £&mol™?)

Sublattice sites

Trivalent cation in tetrahedral coordination

Universal gas constant (8.3145 J-thél™)

Index of sublattice sita

Absolute entropy at standard state

Effective saturation index

Temperature

Main chain site, CaSigy

Interlayer H content per dreierketten unit in(@-)A-S-H

Term containing the Gibbs free energies for the reciprocal reactic
Standard molar volume

Molar quantity of water in the extend®ebyeHickel equation, mol
Total molar amount of the aqueous phase in the extended D
Huckel equation

Site fraction of specigsin the sublattice sitas

Charge of aqueous specjes

Activity of endmemberk

Activity coefficient of aqueous specigs

Fraction of combined bridging site vacancies per -clioged
tobermorite unit

Isotropic chemical shift

Observed chemical shift

Standard Gibbs free energy of a reciprocal reaction betwaen
members of the sublattice solid solution model

Parameter describing the partitioning of §pecies into nowross
linked and crostinked G(N-)A-S-H

Fictive activity coefficient of enanemberk

Chemical potential

Fraction of bridgingsite vacancies per dreierketten unit

Density of an engnember of the sublattice solid solution model
Neutron scattering length density

Interlayer C&" content per dreierketten unit in(®-)A-S-H
Standard thermodynamic property estimdigdhe additivity method



Nomenclature

XLV

Glossary of symbols continued

LS

i,ns

G
6

Interlayer C&" content per crosknked tobermorite unit in
C-(N-)A-SH

Effective mole fraction of enthemberk containing species in
sublattice sitens

Stoichiometric coefficient of the" sublattice site

Glossary of terms

AAS
AFmM

AFt
C-SH
C-A-SH
C-(A-)SH
C-(N-)A-S-H
CL

CST™M

FA
FWHH
GBFS
LDH

MCL

MK
N-A-S(-H)
PC

SCM

SF

SGM
TAH

wPc

Alkali-activated slag
Aluminoferritemono

Aluminoferrite-tri

Calcium silicate hydrate

Calcium aluminosilicate hydrate
Calcium(alumino)silicate hydrate
Calcium (alkali) aluminosilicate hydrate
Chain length

Crosslinked Substituted Tobermorite Model
Fly ash

Full width at half height

Ground granulated blast furnace slag
Layered doubléydroxide

Mean chain length

Metakaolin

Alkali aluminosilicate (hydrate)
Portland cement

Supplementary cementitious material
Silica fume

Substituted General Model

Third aluminate hydrate

White Portland cement



XLVI Nomenclature



1

Introduction

Concrete is by far the most widely used construction material. On a per volume
basis, concrete is the second most used commodity after fresh(vaer t c i). n , 200
Concrete is comprised @it least three key ingredients: coarse and fine aggregates

e.g. crushed rocks and sand; water; and cen@amhent, the integral component of

concrete that gives the material its bindprgperties when hydrated, is also used in

vast amounts: 4 Gt of cement were produced in Z013. Geological Survey, 2014

(Figure 1.1), which is equivai¢ to ~1.5 kilograms/person/day at current world
population levels. Cement production is projected to increase greatly over the
forthcoming decades, due mostly to the continued industrialisation of developing

countries e.g. IndiéTaylor et al., 2006

=

S a4 4 India

.E % :—:7

3 =

° g 3 =

oo S

8 < ~

82 Pl China

o< P
o es—

qE; 2 N Italy

o © 1. South Korea
= Other Japan

~ —Turkey

S <__Brazil
N ﬂ:‘\Unit&-d States
N -
Russia

Figure 1.1. Global cement production from 1994 to 2013, showing the top nine
cement producing countries aretrest of the world (other). Data frdmS.
Geological Survey (2034



2 1. Introduction

The enormous quantities of cement and concrete used are reflected in the ubiquity
and importance of the construction industry to the world economy, which accounts
for approximately 510% of global employment and gross value add@&uby, 2011

Ng et al., 2009 The impact of the construction industy the environment is also
significant, with 58% of all anthropogenic COemissions attributable to the
manufacture of cement aloig®livier et al., 2012Worrell et al., 2001 Improving

the sustainability of the construction industry is a key driver in the development of

modern construction materials.

Cementand concrete were developagproximately 2000 yeaegjo by Romans, and
these cements were principally produced using a mixture loawig ash, lime and
water(Jackson et al., 201.3However, today,lte great majority of cements used are
Portland cerant (PC)based. PC is made by firing a mixture of limestone, clay and
similar minerals to ~1450°C to produce clinker (Figure 1.2), which is then mixed
with additives such as gypsum and finely ground to a po(dastor, 1997. Modern
reinforced concretstructures made from Pliased materials have low embodied
CO, content relative to other construction materials in heavy load applications

(Purnell, 2012, despite the large G&Aootprint of the global construction industry.

Approximately half of the C®emissions from PC manufacture are produced from
the calcination of limestone (CaGCadded as raw feed in the clinker production
process (Figure 1.2). This GQs intrinsic tothe production of PC clinker; the
embodied C@content of modern PGased materials varies between 0.73 and 0.99 t
COy/t cement depending largely on the amount of PC clinker used in the cement
formulation (Bernstein et al., 2007 The CQ-footprint of the construction industry

can therefore be reduced by replacing PC clinker with supplementary cementitious
materials (SCMs) that contain lower embodied ,Céntent, do not require
additional energy and C&ntensive processing, but have some certiens value.

These materials are called blended cements or blenddd$sd materials.
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PC clinker

28 @] Calcination Grinding g@]

Raw materials
(e.g. limestone, clay)

Extraction and

transport
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(mainly fossil fuels)

Figure 1.2. Schematic representation of the PC production process, adapted from
(Habert etal., 2010. The thicknesses of the arrows correspond to the typical amount
of material used. SCMs are supplementary cementitious materials and GBFS is

ground granulated blast furnace slag (see text).

Cement

e . Transport and
SCMs, additivites utilisation

(e.g. GBFS, gypsum)
Clinker substitution
CO,

In 2011, the average PC clinker to cement raticontepl by the World Business
Council for Sustainable Developmef@012 was ~76% (representing ~20% of the
global cement production capacity, although the data are mostly from Europe, North
and CentralAmerica, and Brazil), reflecting the success of this strategy in the
development of modern construction materials. The efficiency of the clinker
manufacturing process is also important, but reducing the PC clinker to cement ratio
is the most effective wato reduce the C&footprint of the construction industry
unless expensive and untried carbon capture and storage technology is adopted
(Schneider et al., 20)1

An additional benefit of replacing PC clinker with SCMs is the utilisation of
industrial byproducts (Figure 1.2). Two of the most commonly used SCMs are
ground granulated blast furnace slag (GBFS), which is-préaguct from pig iron
production, and fly sh, which is a byroduct from coafired power generation.
Metakaolin, which is a type of calcined clay, is another widely used SCM. The

performance of hydrated Pliased materials can be improved substantially if the PC
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clinker to cement ratio is designedrrectly for the intended application, because
SCMs are typically less reactive than PC clinkeothenbach et al., 20)11This
reduced reactivity nits the extent to which SCMs can be used in high performance
PC-based materialéSnellings et al., 2092 but can be overcome for some SCMs if

an additional source of alkalinity is added. This additional alkaline source is called
an activator. Activators can be present in solid or aqueous form, but water is essential

to form a hardened solid binder.

Blendadl PGbased cements reacted with an activator (in addition to water) are called
60 hy br i -ddivatad céneemts (Figure 1.3). Alkalitivated cements are the class

of cementitious materials formed from the reaction between an activator, water (if an
anhydrous activator is used) and one or more solid precursors excluding PC, which
are typically fly ash (FA), GBFS and metakaolin (M{Rrovis and Bernal, 20)4i.e.

the same SCMs as used in blendedi@€ed materials. The increased alkalinity of
these materials generally means thagreater variety of precursors can be used
relative to the selection of SCMs available in hydratedbB§ed materials, such as
metallurgical slags with poorer hydraulic reactivity than GBEBI and Qian, 2000
Alkali-activated cements can also offebstantial CQ savings relative telain PC
materials by avoiding the energy and £itensive PC clinkering process, but the
savings depend greatly on the local availability of activators and precursor materials
(McLellan et al., 2011l There are other important alternative cements with lower
embodied CQ@content relative to neat PC materi@lsenger et al., 20),1but these

are not discussed further here.
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Figure 1.3. Flow diagram representing the materials used to produce blended PC,
hybrid alkaltactivated cements and alkalttivated cements, and reaction products
in alkali-activated cements, adapted fr@Rrovis and Bernal, 20)4" Blended PC
typically contains SCMs not specificalinentioned here (e.g. gypsum).

The lower availability of SCMs and other precursors for alaelivated cements,
relative to the enormous quantities required by the construction industry, is a key
limitation for their use. This limitation is apparent in the European context, as many
European countries achieved-900% utilisation rates of fly ash more than two
decades agfManz, 1997. Other countries have much lower fly ash utilisation rates
(Bhattacharjee and Kandpal, 200&lthough development of more g€é@nd energy
efficient industrial processes will likely further constrain the abdity of the most
commonly used SCMs in the futui8crivener and Kirkpatrick, 2008However, the

widespread and continued use of SCMs in blendeeb@@d materials and the
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development of alternative construction materials with lower embodiec@tent,

such as alkalactivatedcements, mean that the complexity and number of different
cement formulations will continue to increase in the future. This demonstrates an
essential and growing need to more fully understand the fundamental chemistry of
cementbased materials, becauseithrmechanical strength and durability properties
can change greatly as a function of the cement formuléfiennings and Bullard,
201]), and because cement chemistrynisinsically linked to cement and concrete

durability (van Deventer et al., 2012

Therefore, this thesis aims to develop a deeper understanding of the chemistry of
modern cementitious materials, with a particular foon alkalactivated cements,
although the work is also relevant to some hybrid altketivated cements and
blended P&based materials. This work is presented in three stages in addition to the
literature review presented in Chapter 2. Chaptessdisciss the nanostructure and
chemical composition of calcium (alkali) aluminosilicate hydrate(NQA-S-H),

which is the dominant reaction product in many modern cements, and is thus a key
contributor to cement and concrete performance. This insight is askv¢lop and

apply a thermodynamic model for-@-)A-S-H in Chapters &, with the aim of
advancing the utility of thermodynamic modelling in simulating the chemistry of
modern cementitious materials. Chapte& @ovide additional analysis of@I-)A-

S-H solubility, chemical composition and nanostructure, which is important for
future development of thermodynamic models for this phase. The underlying
thermodynamic principles used in the thesis provide a braguiiicable theoretical
framework from which the chemistry, and therefore durability, of modern

cementitious materials can be better understood.

The literature reviewpresented in Chapter 2 includes a detailed discussion of
hydrated Pchased and alkahctivated slag (AASpased cement chemistry (i.e.
alkali-activated cements derived from metallurgical slag precursors), with a
particular focus on the -N-)A-S-H phasealthough secondary and minor products

are also discussed. A critical overview of the existing structural models (fs¥)&-
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S-H is presented, which is referred to later in the discussion of thermodynamic
models for this phase. A discussion of some importhermodynamic concepts is
provided to assist in the discussion of thermodynamic models-{bF-)8-S-H and

other cement phases, and thermodynamic databases.

Chapter 3 presents an overview of the materials and methods used in the thesis,
including detds of the thermodynamic modelling approach applied here. Detailed
descriptions of the materials used in the thesis, GBFS and labesgtdhesised €

S-H, C-(A-)S-H and G(N-)A-S-H,* are presented. The experimental details and brief

descriptions of the gerimental techniques used in the thesis are also discussed.

A structural model for mixed crodmked/nonrcrosslinked tobermoritdike C-(N-

JA-.SH i's proposed inl Chlapd eBuldstitthet &dCr Dals
(CSTM). The CSTM is formulatetb allow calculation of &N-)A-S-H structural

parameters such as the mean chain length (MCL) and-lanked phase fraction,

and chemical composition information such as Al/Si and Ca/Si ratios, #8m

magic angle spinning nuclear magnetic resonanB#AS NMR) spectral
deconvolution results. This structural model is shown to greatly advance the detail in
which G(N-)A-S-H chemistry can be analysed by correct application of structural

constraints to decenlutions of*°Si MAS NMR spectra.

In Chapter 5the role of Al in the nanostructural development efNc)A-S-H in a
NaSiOs-activated slag cement is analysed byaX diffraction (XRD), and’Al and

' The GSH, CGA-SH, C(A-)SH and G(N-)A-S-H notation describesalcium silicate
hydrate typesolid phaseswith similar nanostructure buwith different overall chemical
composition, in cement chemistry notation: C is CaO, S ig,$iGs HO, A is AlL,Osand N
is N&O (although N refers more generallydrides of alkalielementstypically NaO and
K0, that are not intrinsic structural rmponents of this solid phase, as identified by the
parenthesgs The hyphens indicate that the chemical compositionsesktisolidgohases are
variable and noistoichiometric. This notation strictly imipk that GS-H contains only Ca,
Si, H and O, and @&-S-H contains these elements and additionallybait this distinctions
not always needed because these phasespartof the same €N-)A-S-H solid solution.
Therefore, the most general notatfossibleis used to describe-S-H, C-A-S-H and G(N-
)A-S-H in the thesisunless the distinction between these phases is important.



8 1. Introduction

29Si MAS NMR up to 180 days of curing. Addition®lAl MAS NMR spectra for
samples cured for 2 years akso analysed. Application of the CSTM to tH8i

MAS NMR spectral deconvolution results demonstrates the advanced structural
description of GN-)A-S-H provided by the model.

A thermodynamic model for QN-)A-S-H, CNASH_ss, is developed in Chapter 6.
The discussion of €N-)A-S-H nanostructure presented in Chapteis i4 used to
guide development of the structural component of this thermodynamic model, which
is formulated in terms of tobermoril&ke phases. This structural definition is
applicable toAAS cements and hybrid alkadictivated cements and blended-PC
based materials with bulk Ca/® 1.5. The thermodynamic model is validated
against a large set of solubility data in the g&la,0,Al,03)-SiO,-H,O and AAS
cement systems, chemical compositidata for GA-S-H, and the volumetric
properties of GN-)A-S-H in AAS cements.

The CNASH_ss thermodynamic model is applied in Chapter 7 to simulate the
chemistry and volumetric properties of AAfased cements. An ideal solid solution
model for MgAFOH-LDH is also presented and applied. Thermodynamic modelling
of the experimental N&iOs-activated slag cement studied in ChapterS &%
performed, and the results are compared to the experimetd¢ddiymined chemistry

of this material. Additional thermodymac modelling is performed for N&iOs-
activated slag cements over a range of CaO, MgO an@;Adlag chemical
compositions, and a N@Os-activated slag cement, and compared to the available
information for these materials in the literature. Phase diagfamthe relevant
range of Ca@Al,0:-MgO compositions in AAShased cements are simulated,
showing the composition envelope where zeolites aifN-JA-S-H are both stable.

These results are important for the design offpiglformance AAShased materials.

Chapter 8 provides an analysis of the solubility, chemical composition and
nanostructure of &\-S-H as a function of temperature between 7 and 80°C, and Al

content under equilibrium conditions. The results are important for further
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development of thermodamic models for this phase and for understanding the

stability of GA-S-H in cementitious materials.

C-(N-)A-S-H samples are synthesised similarly in Chapter 9, although the analysis of
chemical composition nanostructure and solubility is performe®dt and in the
presence of alkali. The results are compared with the solubility products for the end
members of the CNASH_ss thermodynamic model, and show important trends in the
stability and nanostructure of@l-)A-S-H products as functions of Al, Cachalkali

concentrations.

The results from each Chapte94are then summarised Chapter 10. Therefore,
this chapter describes the improved utility of the thermodynamic modelling
technique and the advanced chemical understanding -ON-)8-S-H-based
cematitious materials, particularly AASased cements, resulting from the work

undertaken in the thesis.
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Literature Review

2.1 Cement Chemistry

2.1.1 Portland CementBased Materials

Most cementitious binders used in the construction industry are produced from
Portland cement (PC), which is a material that dates back nearly two hundred years
(Moir, 2003. The main reaction product that results from the hydratigolaoh PC
isaCarich (1.5 O Cal/ Si O -3M) (Tayot, 99Fuwhichs i | i c a
is thought to be comprised of norosslinked tobermoritdike structures with Ga

OH linkages(Chen et al., 20Q4Grangeon et al., 201 Richardson, 2008 Although

the chemistry of hydrateglain PC materials is now relatively well established, most

modern cements are comprised of PC blended witkhoAtaining supplementary
cementitious materials (SCMs), which react to form binders containing calcium
aluminosilicate hydrate (@-S-H) with signifcant | y | ower Ca cont en
as the dominant reaction prodytbthenbach et al., 201 Richardson and Groves,

19923. This phase plays an influential role in the performance of these materials
(Jennings and Bullard, 20LAnd contains relatively low Al content (Al/Si < 0.1

(Gallucci et al., 201L,3Richardson and Groves, 19938kibsted and Andersen,

2013).

The most typical SCMs aground granulated blast furnace slag (GBFS), metakaolin
(MK), fly ash (FA) and silicsdume (SF)(Lothenbach et al., 201 Bnelings et al.,

2012. The solid phase assemblages in binders produced from blended cements vary
greatly as a function of the SCMs uggdthenbach et al., 20),1but the nature of

the GA-S-H products formed show a broad similarity teS@ in PC binders

11
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(Richardson, 2004 The main secondary products formed in ¢hesaterials are

portlandite (Ca(OH), 6 a | u mi moofneordr i (t A2F m) type phases suc
monosulfoaluminate hydratgC,ASH;,) and OalturmithofARFtr) teype ph
such attringite CsASsH3) (Lothenbach et al., 20),1Figure 2.1.
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Figure 2.1 Modelled solid phase assemblage and pH of hydrated blended SF/PC
pastes, assuming thermodynamic equilibrium and complete reaction of the PC, and
representing €A-)S-H as a solid solution of jennHéke and tobermoritdike
constituents. Reproduced frdrothenbach et al. (2011

pH

2.1.2 Alkali -Activated Slag (AAS) Cement

Most SCMs react slower than PC clinker phases during cement hydration
(Lothenbach et al., 20),1but highperformance binders can be produced from the

reaction between SCMs and a concentrated alkaline solution (called an alkali
activator). GBFS is a SCM with o6l atent hydr
much slower rate than P@Gnellings et al., 20)2that can be used to produce high

performance construction materials when reacted with an alkali activator; these

materials are called alkadictivaed slag (AAS). AAShas been developed and

commercialised in many parts of the world as a {pgtformance alternative to PC



2. Literature Review 13

(Provis and Bernal, 20}4and durable concretes made using AAS binders have been

used in structural applications for deca@és et al., 2008

The level of Ca in alkalactivated slag cements is lower than in hydrateebB€ad
materials, which are formed through the reactionnbeh GBFS and a highly
alkaline solution most commonly NaOH, KOH or MNamMSiOAH,O. These
materialsare typically Nabased, although the products of activation with alternative
alkalis such as K are generally simi{@rovis and Bernal, 20)4The compositions

of the CA-S-H products formed in these materials (denote(N©A-S-H to reflect

the increased alkali content in addition to the high levels of Al incorporated into this
phase) vary depending on the activation conditions, but are typmatiser in Ca

( Ca/ S(Bhi & al. 12008 and richer in Al (Al/Si > 0.1(Le Sao(t et al., 2011
Myers et al., 2013Richardson et al., 1994than the €S-H products formed in PC
based binderéTaylor et al., 201 C-(N-)A-S-H is the main strengthiving phase in
AAS (Chen and Brouwers, 200%hi et al., 2006 AAS materials are a particularly
relevant model system for the analysis ofNG)A-S-H chemistry in geneftdecause
GBFS is a widely used replacement material in modern cenfémenger et al.,
2011, the chemical compositionsf AAS cements sit within the compositional
region which forms €N-)A-S-H (Lothenbach et al., 20),1and AAS chemistry is
relatively well understooShi et al., 2006

A detailed chemicalevel understanding of AAS materials is a prerequisite for
developing and increasing the commercial uptake of AAS technology in modern civil
infrastructure, but this information has not yet been fully elucidated. This is due
largely to the low crystallinity and complex chemistry ofNG)A-S-H, which varies
in AAS according to:
) the activator type and concentratid@en Haha et al., 20118&chneider et
al., 2002;
i) the composition and reactivity of the GBFS precu®@en Haha et al.,
2011k 2012;
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iii) the curing conditions to which the material is subje¢&chneider et al.,
200D).

Secondary reaction products are intimately mixed witfNGA-S-H in AAS
cements, because the bulk composition ofehmaterials generally falls outside the
domain of stability of phaspure G(N-)A-S-H (GarciaLodeiro et al., 2011
Lothenbach et al., 201X Figure 2.2). These products can include-Mgayered
double hydroxide (LDH) phaseRichardson et al., 1994Nang and Scrivener,
1995, AFm type phases including stratlingite,SHsg) (Ben Haha et al., 20)2and
calcium monocarboaluminate hydrate,ACH;;) in alkali carbonatactivated slag
cement(Shi et al., 200p katoite (GAHg) (Bonk et al., 2008 which is an end
member of the hydrogarnet solid solution seriessAG&SiOs)s(OH)y; OO0 3)
(Passaglia and Rinaldi, 1984eolites including gismondine and heulandBernal

et al., 2015Bernal etal., 2011h, and the third aluminate hydrate (TAndersen
et al., 200§, which is described as a poorly ordered Al(@phase(Taylor et al.,
2010.
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N-A-S(-H)

C-(N-)A-S-H

Ca(OH), +
AFm +
C-(N-)A-S-H

100
% CaO
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0 10 20 30\ 40 50 60 70 80 90 100
C-(N-)A-S-H + C,ASH; + AFm

0 %AlOg

Figure 2.2. Projection of the chemical compositions of a typical slag (pink circle),
proposed composition envelope of phasee G(N-)A-S-H (grey shaded areagnd
synthetic samples and phase mixtueggesenting €N-)A-S-H and alkali
aluminosilicate (hydrate) M-S(-H))-based cements (small symbols and text) onto
the CaGSiO,-Al O3 ternary system. Adapted fro@arcialLodeiro et al. (2011

2.1.3 Calcium (Alkali) Aluminosilicate Hydrate (C -(N-)A-S-H)

C-(N-)A-S-H chemistry has been studied for more than half a cerfalousek,

1957, and the key solid product in this system is gehedascribed as being similar

in structure to the calcium silicate hydrate phass-(l) (Shi et al., 2006 Taylor,

1997. The structure of this phase is comp
repeating sets of three silicate tetrahedra (Figu8® GS-H(l) is described to ba

poorly ordered form of 14 tobermorite(Bonaccorsi et al., 2005The tobermorite

mineral group contains various structures differentiated by their basal spacifig (14

11 A or 9 A) (McConnell, 195% and 11A tobermorites can contain-8§-Si cross

links between adjacent silicate chains whikk A and 9 A tobermorites do not
(Bonaccorsi et al., 2009Merlino et al., 20002001). Hydrated 14A tobermorite
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(plombierite) has a bound water to Si ratio,@Si) of 7/6 and 0.5 atoms of
interlayer Ca per dreierketten unit, giving an overall formula of
CaSigO16(0OH),.7H,O (Bonaccorsi et al., 2005 although small variations in
chemical composition can exiTaylor, 1997. There are two types of 1A
tobermorite; those that shrink during dehydration and contain interlayer Ca are
t er med 0 nlethaseathaddo now$hiink during dehydration and contain no
interl ayer Ca a{Merlincetall 200) The dourd watér contend
also vaies, with a reduction in bound water content associated with a decrease in the
interlayer spacing(Merlino et al., 1999 Merlino et al. (200} elucidated the
structures of normal and anomalousAlfobermoritesand found that anomalous 11

A tobermorite has pD/Si = 5/6 and no interlayer Ca (S0:5(OH), BH,0),
whereas normal 1A tobermorite als has HO/Si = 5/6 but an interlayer Ca content

of 0.25 atoms per dreierketten unit {G8isO16(OH)BH,0). In an earlier study,
Merlino et al. (200D also analysed $ tobermorite (riversideite), finding no bound
water and an interlayer Ca content of 0.5 atoms per dreierketten unit, corresponding

to a crystal chemical formula of €3ig016(OH),.

A simplified representation of #se tobermorites, shown in terms of sublattice sites,

is provided in Figure 2.3, with complete descriptions provided in contributions by
Merlino and ceworkers(Bonaccorsi et al., 200®erlino et al., 1999200Q 2001).
Representation of these structures in
modelling perspective, and has been used throughout the thesis to construct
structurally relevant formulae for thessbermorite phases, which can then be used

to develop fully descriptive models for(@l-)A-S-H chemistry.

Key to Figure 2.3 on page 17

Intra-layer Ca Interlayer species

atom O associated with
bridging tetrahedra
q Paired tetrahedra Interlayer species not
Bridging or . associated with the

tetrahedra bridging tetrahedra

t er ms
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Figure 2.3 Schematic sublattice representations of A) 14 A tobermorite; B)
anomalous 11 A tobermorite; C) normal 11 A tobermorite; D) 9 A tobermorite, all
with 6infiniteé chain Il ength (no Si site
represented by blue agdeen triangles respectively, irdiayer Ca by the red
oblongs, interlayer species associated with bridging tetrahedra by the orange circles,
and interlayer species associated with the rest of the structure by purple squares. The
specific size, locatioand number of these symbols are approximate; readers are
referred taqBonaccorsi et al., 2008/erlino et al., 19992000 2001) for
crystallographic structures. Tlkembined bridging site is illustrated here to clarify
its use in crostinked G(N-)A-S-H sublattice formulae. A dreierketten unit (three
kinked repeating tetrahedra) is marked in A), and the interlayer spacing is also
marked.
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C-(N-)A-S-H contains finite bain length (alumino)silicate chains flanked on either

side by an 6i nt eddndagueeous speciesniag’ CrS, dlaland f H
Kh,andaC®D sheet, analogous to the 6éinfinited c
Figure 2.3 but with the chairdisrupted by vacancies. The chains are comprised of
Allsubstituted oO0dreierkettend wunits with wvac
(Richardson et al., 1993The G(N-)A-S-H structure, in common with almost all

tetrahedral aluminosilicate structures, is believedekzlude AtO-Al bonding

(Loewenstein, 1954 Al substitution is only significant in the bridging sites, not in

the paired sitegPegado et al., 2014The mean chain length (MCL) is defined

throughout the thesis as the number of silicate and aluminate tetrahedra per chain;

theMCL and the Ca/Si ratio are known to have a significant effect on theamieah

properties of 14 tobermorite(Manzano et al., 2009a

Studies analysing laboratesynthesised ¢N-)A-S-H specimens have identified

that phaseurity decreases as the Al/Si and Ca/(Al+Si) molar ratios of the solid

phase increase, suggesting that(NNASOsoftod upp
H exists in the composition range relevant
(L'Hopital et al; Pardal et al., 20Q%un et al., 2006 Laboratorysynthesised solids

containing approximately phagmire G(N-)A-S-H have typically shown chemical
compositions of 0.5 < QCradcontetatk, 3999®ardal 1 and Al /
et al., 2009 Sun et al., 2006 although the maximum theoretical Al/Si ratio of this

phase is 0.fRichardson and Groves, 1993b

Bound water is present in variable amounts in the interlayer spacingNn)&-S-H,

with H,O/Si ratios between 1.B.7 excluding adsorbedater(Jennings, 2008 MCL
values for G(N-)A-S-H in AAS cements produced using KOH or NaOH activators
are typically between 4 and(Bonk et al.,2003 Puertas et al., 201 Richardson et
al.,, 1993 Richardson et al., 1994using a norcrosslinked tokermorite
representation of this phagRichardson and Groves, 1993lcompared with 80

for C-(N-)A-S-H derived from slag reacted with MO; activators(Le Saodt et al.,
2011). MCL values of G(N-)A-S-H in hydrated blended cements depend on the
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curing conditions and the type and amount of SCMs used, and can vary from ~2 in
hydrated PC(Dai et al., 2014 Gallucci et al., 2018to ~15 in hydrated blended
cements with(60% replacement of PC with SCNfEaylor et al., 201

C-(N-)A-S-H can incorporate large amounts of alkalip,to 20% of the amount of

Na or K addedHong and Glasser, 1999%nd alkali uptake increases as a direct
function of the Ca/Si ratiHong and Glasser, 1999002. A good understanding of
C-(N-)A-S-H solubility currently exists up to bulk Na concentrations of 0.8 M NaOH
(Hong and Glasser, 199%alousek, 1944 L'Hépital et al; Lognot et al., 1998
Macphee et al., 1989Way and Shayan, 19B2which represents the pH range
relevant to most cemebtised materials (p@ 13 . 5) , but fewer so
available for this phase at bulk K concentrations up to 0.8 M KBbhg and
Glasser, 1999Macphee et al., 198Nieto and Zanni, 1997Stade, 198P These

data are irportant for understanding the lotgrm stability of G(N-)A-S-H and
developing thermodynamic models for this phase, to simulate the chemistry of
cementbased materials in servigéothenbach et al., 201paThe CaO sheets,
interlayer regions and aluminosilicate chains H{NZ)A-S-H are thought to stack
together such that the chain structures form the external suilflagielsez et al.,
2017 (Figure 2.4).

The variable molecular strure of G(N-)A-S-H, as well as the nanoparticulate
nature of the gel formed through agglomeration of structural units around several
nanometres in siz@llen et al., 2007 Skinner et al., 2000 results in a structure
with limited longrange ordering. Elucidation of the gel structure in AAS and
hydrated blended SCM/PC materials is challenging when using conventional
analytical techniques such asray diffraction (XRD) because of this high lé
structural disorder, and also becaus€N©A-S-H almost always coexists with

unreacted remnant precursor particles and secondary or minor reaction products.
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Internal nanostructure, External surface
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Dreierketten unit H0 MO H,0

Bridging site (Q7%)

Paired site (Q%,)

Interlayer

Figure 2.4 Schematic representation of infinite chain length-amsslinked C-(N-
YA-S-H as a structural analogue of 14 A tobermd@enaccorsi et al., 2005with
stacked layers to show alkali species adsorbed on the external surface and in the
interlayer region of this phase. The red diamonds are Ca atoms in-Desi@zet,
andthe blue and green triangles are tetrahedral aluminate or silicate units in paired
and bridging sites respectively, within the dreierketten chains. The yellow circles and
purple squares represent positiveharged species that chaigeutralise the
bridging sites and the rest of the layered structure respectively (typicalyeE!
and/or alkali cations such as Kr N&). The orange hexagons are diffuse layer
anions (e.g. OHand CI) that compensate the excess positive charge supplied by
adsorbed cati@(Labbez et al., 20)1The pink square is an additional dgk layer
cation (e.g. C&, Na"). The positive and negative symbols represent the local
distribution of charge in the structure. The size, number and location of the symbols
are schematic rather than crystallographically exact, and different types afeuydr
alkali complexes are not distinguished.

As a consequence of the complexity of this rapltase system, elucidation of the
structure of G&N-)A-S-H has not yet been achieved. Important questions remain
about its molecular chemistry, including:
i) the pasibility of Al substitution into paired tetrahed(Baucon et al.,
19993 Manzano et al., 2009ardal et al., 203Pegado eal., 2014,
1)) the mechanism and selectivity of alkali uptake #H{NZ)A-S-H;
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i) the presence of cro$imked chains, for exaple in NaSiOs;-activated
slag cementgBrough and Atkinson, 2002Fernandeziménez et al.,
2003 Le Saodt et al., 201 Puertas et al., 20)};1and

1Y) the role and importance of five and ®i@ordinated Al (denoted Al[5] and
Al[6]) (Andersen et al., 200&®enaudin et al., 20098un et al., 2006

Al substitution is widely considered to occur exclusively in bridging sites-{N-C
)JA-S-H, consistent with the nearestighbour Al avoidance rule described by
Loewenstein(Loewenstein, 1954 and the (B8-1) chain length rulgRichardson,
2009. Although some authors have proposed Al substitution in paired(Bdaeson

et al., 1999aPardal et al., 2032 pblished ?°Si magic angle spinning nuclear
magnetic resonance (MAS NMR) spectra show little or no contribution from the
QY(1Al), Q*(2Al) and G(2Al) units that would be expected in systems with Al
substituted into paired tetrahediRichardson et al., 199%kibsted and Andersen,
2013 Sun et al., 2006Taylor et al., 201 Atomistic simulations of &€N-)A-S-H

have also shown that Al is bound in these chains in the bridging sites with great
preference over the paired sit@bdolhosseini Qomi et al., 201Rlanzano et al.,
2009h Pegado et al., 20)4

Incorporation of alkali species into the interlayer region and adsorption onto the
external surfaces of -ON-)A-S-H is thought to occur via a chargempensation
mechanism(Bach et al., 201,3_.abbez et al., 2031 Renaudin et al., 2009&kibsted

and Andersen, 201%iallis et al., 1999 (Figure 2.4), although no consensuxssts
regardingthe exact mechanism of alkali uptake in this phase. This is corroborated by
the large variation in existing results reported for Na and K uptake as a function of
Al content in G(N-)A-S-H: direct correlationgHong and Glasser, 2003kibsted

and Andersen, 20)}3an inverse correlatiofStade, 1989 and the apparent absence

of a direct relationshipBach et al., 201,3Chappex an&crivener, 201Pbetween the

two parameters have been reported. There is also a lack of consensus on the

selectivity of G(N-)A-S-H for Na or Kspecies, with existing publications reporting
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no significant difference between uptake of these two alkali ffpesg and Glasser,
1999 2002 Stade, 198por preferential selectivity for K over N&ach et al., 201)3

It is thought that the aluminosilicate chains iR(NG)A-S-H products in lowCa
cements (bulk Ca/SD1) can crosdink under ambient conditions to form disordered
anal ogues of O0double chaind cal(®erdoman si | i cat e
et al., D01). Recent experimental results support a partially eliogked structure for
C-(N-)A-S-H formed in NaSiO; and NaCOs-activated slag cements:®Qype
species have been identified in deconvolutioné’8f MAS NMR spectra of these
materials(Fernandezliménez et al., 2003nd in laborato”synthesised specimens
(Pardd et al.,, 2012 Sun et al., 2006 A mixed crosdinked/noncrosslinked
structural model was also needed to describe the mechanical properties of hydroxide
and NaSiOs-activated slag cemenfBuertas et al., 201.1Schematic representations

of crosslinked and norcrosslinked tobermoritdike C-(N-)A-S-H products are

shown in Figure 2.5.

B

dreierketten unit  paired site (Q7%,) chain-end site (Q")

calcium

calcium oxide sheet

oxide sheet

crosslinked site (Q°%)

vacancy bridging site (sz)

Figure2.5. Schematic representation of finite chain length A) dinked and B)
noncrosslinked G(N-)A-S-H products as structural analogues of double chain 11 A

tobermoritg(Merlino et al., 2001and 14 A tobermoritéBonaccorsi et al., 2005

respectively. The grey diamonds are Ca atoms in th® €laeet, and red and blue
triangles are aluminosilicate units in paired and bridging sites respectively. The green
circles and yellow squares represent sites which can be occupied by hydrated species

that chargeneutralise the structure as a whole (typically 8" and/or alkali
cations such as’kor Na).
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It is thought that AI[5] can act as an interlayer chasgncing species, although
there is no consensus regarding the location of Al[6] uptgk€-(N-)A-S-H; it is

not yet clear whether this can be located only on surfaces, or additionally in the
interlayer(Andersen et al., 200&®enaudin et al., 2009&un et al., 2006

2.1.4 Structural Models for C-(N-)A-S-H

The key value of a structural model is that tbleemical composition and
nanostructural parameters (e.g. MCL) of(N\G)A-S-H can be directly calculated
from experimental data such @i MAS NMR spectral deconvolutions, aitdcan

be validated by relating its predictions to independent experimentitistes

Bernal and coauthors

The first tobermoritdike structural models for G-H were proposed bgernal et al.
(1952 based on powder XRD measurents that showed the same dreierketten
based structures in-&H and riversideite (R tobermorite).Bernal et al. (1952
considered two types dadreierketterbased €S-H phases: they described a solid
solution between CSHand GS;Hy as CSH(l), and &H, as CSH(Il), with both €

S-H types partly crystalline and closely structurally related.

Stade and Wieker

Stade and Wieker (198@roposed a structural-&H model based on a dimeric
tobermoritelike structure, with chargbalancing of silanol groups by inteylr C&*
andHspecies following the constraints:
for vy O 1 in eq.(2.1):

Ca,,, (OH), (Hl%sgo?)z- nH,C @2.1)
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Glasser et al. (1987sed this model to develop a thermodynamic model &H
although additionally attributed no specific structural assignment to the Ca(OH)

component of the model.

Taylor

The GS-H structural model proposed Byaylor (198§ represents this phase as a

mixture of jennitelike and 14 A tobermoritelike phases, with chain vacancies

presentm bridging sites only. The structural model also allows substitution of Al for

Si in bridging sites only (Figure 24. Tayl or 6s model precedes th
(GM) (Richardson and Groves, 1992bnd t he 6Substituted Gener al
(Richardson and Groves, 1993la detailed discussion of the similarities between

these models is available in published comments by Richardson, Groves and Taylor

(Richardson and Groves, 1993aylor, 1993.

Richardson and Groves: the 6Substituted Gene
The SGM(Richardson and Groves, 1993b widely used in the cement chemistry
literature(Skibsted and Andersen, 2QIRaylor et al., 201)) and describes a mixture

of 14 A tobermoritelike, jennitelike and Ca(OH) structures (eq.(2.2)):

Ca, H(6n»2X)(Sél— a) Fsg)(sn_ ) (()gn r) gr(?)n_ ) ZCé O|)|2- mk (2.2

Here,Ris a trivalent cation in tetrahedral coordination in the bridging sites (usually
AI*"), | is a chargébalancing interlayer cation for the bridging sites (such & @a

an alkali metal) with a positive charge@im defines the amount of bound interlaye
water,n is the number of dreierketten units perﬂlzﬂobermorite chain, ana, is the

extent of substitution dfinto the structure (Figure 2.6).
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i

P
Figure 2.6. Schematic representation of thé tdbermoritelike structures

represented by the SGMellow spheres are Na, light blue tetrahedra are Al and
dark blue tetrahedra are Si. Adapted fiermohardson (2004

The parameterX, z, ap andn are defined in terms af (the degree of protonation of

the chain unitsandy (the amount of Ca(OH)in the model), according to eq.(2.3)
(Richardson and Groves, 1993b

(2.3)

The MCL and Al/Si ratio can then be calculated, using thenagBon that G(N-)A-
SH and 14A tobermorite are structurally similar, and the Ca/Si ratio can be

determined from egs.(22.3), leading to eqs.(22.6) (Richardson et al., 1994

20+ 0" 2)Q(14)

MCl\q = 0

(2.9
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N E [ 7))
(AI/Si), g = T+ QLA (2.5)
(cass) = 2*Y (2.6)

N~ 4+2(1 n)(1 a)

where NC] denotes nowtrosslinked G(N-)A-S-H structures.

The SGM is more generalised than the GM because it allows for structural
incorporation of trivalent cations in bridging sites (e.g*’Alnd uptake of charge

balancing anions for these sitesg(eNa), whereas the GM does not. The structural

model of Taylor (198§ is less generalised than the GM and SGMylor (1986

as s umedaintematd gidads (Figure 2)5are protonated only, whereas the

SGM al |l ows b o+ did8éQusits o Héaach Géi (Richardson and

Groves, 1993 and although Tayl or 6s moNdA-I and the
SH in terms of tobermoritéke/jennite-like structures, the SGM additionally

describes mixtures of tobermoritei k e/ 6 sol i d6sol uti on Ca( OH)

The SGM has replicated experimental (electron microscopic) observatiorf\aof C
)JA-S-H chemical compositions in hydroxidetivated AAS pastgRichardson,
1999 and hydrated blended PTaylor et al., 201Pusing®°Si MAS NMR results.
Many of the peexisting structural models are based on a mixture ctrmsslinked
tobermoritelike, jennitelike and Ca(OH) structures that can describe-SH
chemical compositions and structure (described above amidmardson (2003,
but none are as flexible as the SGRIchardson, 20042008. The key limitation of
the SGM is that it does not describe crlisked G(N-)A-S-H structures;
Richardson (20D4proposed an extension of the SGM that includes fully eross
linked or noncrosslinked tobermoritdike structures only, i.e. without considering
the mixed cros$inked/noncrosslinked structures found in ON-)A-S-H and
addressed in Chapterss4and 89 of this thesis in the formulation and application of

a more generalised structural(8-)A-S-H model. The SGM is also limited by the
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lack of a specific structural des i pti on attri buted #4#00 the

component of the model, although this is only important for Ca/Si ratios > 1.5.

Chen and coauthors

Chen et al. (2004 formed their structural and compositional model from a
comprehensive analysis of-&H solubility, and described -S-H as a mixture of
tobermoritelike and jennitdike structures, with diffesnt GS-H solubility curves
assigned to different structural configurations of-@4d bonds. This structural

representation of G-H is equivalent to the GNRichardson and Groves, 1992b

Sun and coauthors

Sun et al. (2006 synthesised a series of-(@-)A-S-H products with chemical
compositions of 0.860 bulk Ca/(Al+Si) O 1.4 and 00 b AlI(A+Si) O 0.30,
characterised the samples usinga¥ fluorescence (XRF§’Si and?’Al MAS NMR,

and XRD, andleveloped a structural model from the results. Their structural model
describes &N-)A-S-H in terms of tobermoritéike structures over the range of bulk

chemical compositions studied.

Structural incorporation of Al[4] was only allowed in bridging si(Egyure 2.5) in
the model, with structural Al[5] and Al[6] assigned to crbsked Al[4]-O-Al[5,6]-
O-Al[4] sites. Sun et al. (2006used these Al[4D-Al[5,6]-O-Al[4] sites to explain
the much higher basal spacings found for their synthesis@dt)&-S-H products
(up to 16.4A) relative to tobermorite (up to 1A, Figure 2.3. While Al-O-Al
bonding is strongly emgetically disfavoured in tetrahedral-Q-T (T = Si, Al)
configurations in aluminosilicategLoewenstein, 1954 Provis et al., 2005a
energetically favourdb Al[4]-O-Al[6] -O-Al[4] configurations are observed in some
minerals e.g. phlogopitg.angner et al., 20)2meaning that the assignment of cross
linked AI[4]-O-Al[5,6]-O-Al[4] sites in G(N-)A-S-H may be possible. The
structual model also includes Al[5] and Al[6] interlayer species without precluding
incorporation of these units on-(@-)A-S-H surfaces. Althoughi’Al MAS NMR
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and transmission electron microscopy (TEM) with enaligpersive Xray
spectroscopy (EDS) analygidndersen et al., 200@nd*’Al{*H} HETCOR NMR
specta (Rawal et al., 2010of hydrated white Portland cement (wPc) pastes do not
support Al[6] uptake in €A-S-H interlayers, the same analysis has not been applied
to lower Ca/Si &N-)A-S-H such as the tobermoriti&ke phases described by this
structural mode(Sun et al., 2006 meaning that the assignmentmterlayer Al[6] is
potentially plausible. Nais also considered to be both loosklyund on G(N-)A-S-

H surfaces and rigidipound in the interlayer, and €aand H are additionally
described as being interlayer chalggancing species. Many of these assignments

are discussed further in this thesis, particularly in Chaptérs 8

Pelleng and coauthors

The atomistic model of GH by Pellenget al. (2009 is based on extensive
modifications of the 1R non-crosslinked tobermorite structure proposed Hgmid
(1981), although later applications of the model also considered-tinkgsg and
structural incorporation of Al(Abdolhosseini Qomi et al.,, 2012 The model
describes finite chain length-&H at Ca/Si > 1, with structural Si monomers
defined as intrinsic components of this phase at Ca/Sh ¥ahd so the model does
not follow the 3-1 chain length rule in this chemical composition range). The
limited Ca/Si ratio range described by the model (C@/Bi precludes its application

to many alkakactivated materials and othef(N-)A-S-H-based cenents with lower

bulk Ca content. The combinatorial approach used in formulation of the model
means that &G-H structural parameters cannot be calculated from independent
experimental input additional to the data used in model derivation, but does alow th
prediction of important chemicatructural parameters e.g. Gibbs free energy and
bulk modulug/Abdolhosseini Qomi et al., 2014

The main criticismof the GS-H model derived by,ellenqg et al. (2009s that the
bonding environments of some of the atoms present are unrealistic when compared
to calcium silicate hydrate phases such as toberm(iithardson, 2013a For

example, the model contai@a atoms wittCa-O bond lengths <A, which is much
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shorter than the known @& bond lengths of 2.28.74 A in 14 A tobermorite
(Bonaccorsi et al., 20052.313.19 A in noncrosslinked 11 A tobermorit¢Hamid,

1981 and 2.242.89 A in crosdinked 11 A tobermoritéMerlino et al., 2001 There

also are three, four, five and nineordnated Ca atoms in the model, whereas
coordination states of six and seven are typical of calcium silicate hydrate minerals
(Bonaccorsi et al., 200Bonaccorsi et al., 200#Hamid, 1981 Merlino et al., 200}
Further criticism of the model is incurred by the crlisked GA-S-H structures
assigned in later development of the mo@didolhosseini Qomi et al., 20%:2Q°-

type (alumino)silicate units are not experimentallgated in GA-S-H with Ca/Si

> 1 at ambient or slightly elevated temperatu(€hen et al., 2004Cong and
Kirkpatrick, 1996a Gallucci et al., 2013Taylor et al., 201)) which contradicts the
inclusion of these structures in the model. In addition, hydrated Si monomers are not
always identified in*°Si MAS NMR spectra of €-H (Chen et al., 2004and
hydrated wPc materia(®ai et al., 2014 which casts doubt on the inclusion of these

units as intrinsic structural components of &af 1.5 CS-H.

Puertas and coauthors

Puertas et al. (20)proposed a structal and compositional model for-@l-)A-S-H

in AAS cements, described as a mixture of jenlike, and Akcontaining 14A and

11 A tobermoritelike phases with chain lengtt@® 14. This model was validated
against mechanical and compositional propertie8A% cement pastes determined
by scanning electron microscopy (SEEIPS,?°Si MAS NMR and nanoindentation
measurements, although no formulae for calculating MCLs and chemical
compositions were provided. A key limitation of tRAeertas et al. (20)nodel is its

lack of flexibility in describing @N-)A-S-H structure and chemical cowsgation.

2.1.5 Secondary and Minor Cement Hydrate Phases

Some of the most common secondary and minor reaction products in hydrated PC

based materials and AAS cements are discussed in this section.
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Portlandite

Portlandite contains layers of octahedraordinated Ca bound to tetrahedrally
coordinated O atomgTaylor, 1997, and has drigonal crystal structure. The

solubility of portlandite decreases with increasing (flbuchesne and Reardon,
1995, and it is a typical reaction product in hydrated -lBSed materials

(Lothenbach and Winnefeld, 200&s the Ca/Si ratio of PC clinker (Ca/Si > 2.5) is

much higher than that which can be accommodated$HXype phases.

Mg-Al layered double hydroxide (LDH)

Mg-Al LDH is a minor reaction product in hydrated R@©thenbach and Winnefeld,
2006 but is the main secondary product in AAS ceméBi®ugh and Atkinson,
2002. The majority of Mg incorporated into the solid binder in AA8ang and
Scrivener, 199band hydated PGbased materialéTaylor et al., 201Dis bound n
Mg-Al LDH phases, and the solubility of Mg is very low in these cements
(Gruskovnjak et al., 2008.othenbach and Winnefeld, 200Buertas et al., 2004
Song and Jennings, 1999The primary layer of this phase contains partially Al
substituted brucitéike sheets (brucite is structuralfymilar to portlandite but has a
chemical formula of Mg(OH). These Al atoms are randomly substituted at low Al
content(MacKenzie et al., 1993but form an ordered distribution at high Al content
(Taylor, 1997. The secondary layer contains@and dissolved anions (typically
CO5* and OH in cementsalthough a variety of other species are posgisllada et

al., 2005p), thatbalance the positivelgharged brucitdike layers.

AFmM/AFt

AFm and AFt phases also contain LDH type structures, but the positivatged
main layers are derived from portlandite rathiean brucite. These sheets are
typically substituted by Al or Fé* cations, and the excess positive charge is
balanced by an interlayer containing negativaigrged dissolved species angDH
The typical negativelgharged species are OfC;AH,, whee x depends on the

relative humidity(Taylor, 199% and occurs naturally as the mineral hydrocalumite
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(Tilley et al., 193%), SO (C,ASH1, andettringitd), CO;* (CsAcH1, andCeAcsHs))

and AIS{OH)s (strétlingite). The aluminosilicate species in the interlayer of
strdtlingite can be represented by the more general formula
[(V,T)4(OH,0)%-0.25H0], where V is a vacancy and T is Si or Al; around 45% of
the T sites are vacant in dtmgite (Rinaldi et al., 199D The type of AFm/AFt
phases formed in hydrated cements depends greatly on the bulk chemical
composition; for example, cements with high bulks@D:O; ratios tend to form AFt
phases such as ettringite rather than AFm phases s\ 86l,, (Matschei et al.,
20073. Temperature also greatly affects the stability of AFm/AFt phases, for
exampleC,AH, decomposes to8Hg and portlandite at 25°C and 1 bar in systems
with high OH and low SQ and CQ content(Matschei et al., 2007abut is
thermodynamically stable below 8°C at high Gidntent and low S9and CQ

concentrationgMatschei and Glasser, 201@igure 2.7)

1.6 A A
1.4 Calcium monocarboaluminate +
calcite + portlandite
s 1.2
o
>
S’; 1.0
o . . Calcite +
Q 084 Calcium monocarboaluminate +
te ) Ici h . boal . + C;AHg +
5 calcium hemicar o.a uminate portlandite
£ 0.6 portlandite Calcium
g monocarboaluminate
g 0.4 + C3AH; + portlandite
Calcium hemicarboaluminate
0.2~ + C3AHg + portlandite
0.0 1 1 1 I 1 1 1 1
0 ‘ 10 20 30 40 50 60 70 80 90 1000
Calcium hemicarboaluminate temperature [°C]

+ C4AH, + portlandite
Figure 2.7. Stable phase assemblage in the Ca9Al,0s-H,O system at
portlandite saturation (1 bar pressure). Adapted atschei and Glasser (2010
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Hydrogarnet

The AlFe hydrogarnet solid solution series, Y4UAl yFe;x)2(SiOs)3,(OH)sy 0 Ox O1

and 0 Oy O 3, contains the enthembers grossular ¢&8S;), andradite (gFSs),
katoite (GAHg) and Fekatoite (GFHs). Fekatoite is a stable phase in hydrated PC
based materialilnesa et al., 200)4and katoite has been identified AAS cement
(Bonk et al., 2008 although these phases are only typically present in minor
amounts. The anhydrous and hydrous garnets are structurally similar, containing
eight (A), six (B), and fourfold coordinated (C) atoms, and m@inrac species (D,
typically ©), so may also be represented by the formula(B))(C)s(D)+2 (Locock,
2008. Substitution of Si for 4H" and a fraction of site vacancies occurs in the C
site (related to thg parameter in the chemical formula above), and casigesnsion

of the site and unit cell volun(gager et al., 1987

Third aluminate hydrate (TAH)

It was shown byAndersen et al. (20Q0@hat an amorphous aluminium hydrate (the
6t hird aluminate hy d* ABMAS BIVR spestid pf hydmtedo bs er v ab |
wPc paste at liso = 5.0 ppm. This phase decomposes upon heating 4800
(Andersen et al.,, 2006 Andersen et al. (20Q06described TAH as a separate
precipitate, or a precipitate on-(®-)A-S-H surfaces, because their NMR results
could not be reconciled with chemical analysis from FEBIS measurements of C
(N-)A-S-H in hydrated PC. This phase issdabed as a poodgrdered Al(OH3}-type

phase intimately mixed with other hydrate phases in hydrated PC/GBFS materials
(Taylor et al.,, 201)) and has also been identified in AAS cem@rnal et al.,
20148,

Zeolites

Zeolites (e.g. heulandite, CAS, ;) are formed in minor amounts at very high bulk
Al content in laboratorgynthesised €N-)A-S-H samples(Sun et al., 2006 and
can be identified in AAS cements in synchrotresolution XRD patterns (e.g.

gismondine, CAgH,) (Bernal et al., 2011)b Zeolites are more commonly produced
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in hydrated cements with lower Ca content, such as akéirated
metakaolin/GBFS cementBernal et al., 2010b as these phases are structural
analogues of the alkali aluminosilicate (hydrate}AMNs(-H)) gels formed through
alkali-activation of lowCa precursors such as metakaolin and fly (@&sbvis et al.,
20058.

2.2 Thermodynamic Modelling

2.2.1 Applications in Cementitious Systems

The increasing complexity and number of modern cement formulations in
development and use in the construction indu&grivener and Kirkpatrick, 2008
means that there is wo more than ever, an urgent need to develop general predictive
methods for the durability of cemebased materials in service using design
parameters such as the cement type and curing conditions. Thermodynamic
modelling is a computationally inexpensiaed theoretically rigorous technique that
can be used to predict the chemistry, and thus important durablitgd properties,

of hydrated cemertased materials under the assumption of thermodynamic
equilibrium. Metastable equilibrium constraints arermally employed to more
realistically represent cement phases over the typical design life of engineered
structures; for example, -MN-)A-S-H is a poorlycrystalline material in cements
cured under ambient conditions for ye@iRschardson et al., 1994r even decades
(Taylor et al., 201)) but has been observed to crystalliséterich tobermorite in
Roman concrete exposed to seawater for over 2000 (J=anisson et al., 20),.3and

so is normby described as a metastable phase in thermodynamic modelling of

cementbased materials.

This approach has been validated for hydrated PC and some blended SCM/PC
materials using the CEMDATA thermodynamic datab@adik and Kersten, 2001
2002 Lothenbach et al., 2008hothenbach and Winnefeld, 200Blatschei et al.,
2007h Mdoschner et al., 2008106schner et al., 200Bchmidt et al., 2008 but has
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been used to describe these materials with other thermodynamic databases for more
than two decadegAtkins et al., 1992a CEMDATA has also been applied to
perform thermodynamic modelling of AAS cemefitethenbach and Gruskovnjak,
2007, however the thermodynamic mod@ulik and Kersten, 2001 used to
describe GN-)A-S-H in that study does not explicitly define the uptake of Al and
Na into this phase. Explicit definition of Al chemistry in a thermodynamic model for
AAS is essential because many of the reaction prodoctsed in this material
contain Al; this is also the case for many hydrated SCM/PC blends, and hybrid
alkali-activated SCM/PC materials. The inclusion of alkalis as a key component in
these models is important to correctly describe the solubility retdtips of G(N-
)A-S-H under the pH conditions (>12) and alkali concentrations (tens to hundreds of
mmol/L) relevant to the majority of cementitious materidlserefore, the lack of a
C-(N-)A-S-H thermodynamic model (formulated explicitly with Al uptake) that
accurately represents this phase under pH > 12 conditions is the main limitation in
applying thermodynamic modelling to describe the chemistry of a greatety of
hydrated cement types.

2.2.2 General Concepts

Thermodynamic modelling of cements is primarily concerned with the minimisation
of free energy during hydration (or activation) of a cementitious precursor with water
(or an activator) to form &ardened binder that typically contains several solid
constituents (e.g. ON-)A-S-H). This is illustrated here by considering the chemical

reaction shown in eq.(2.7):

aA+ bB= cC +dC (2.7)

whereA andB are reactants; andD are products, and, b, c, d are the respective

stoichiometric coefficients. The equilibrium constagy for this reaction is shown in
eq.(2.8):
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K = {c{o}’ (2.8)

wherecurly brackets denote activity and the valu&ohdicates whether the forward
reaction K > 1) or backward reactiorK(< 1) is energetically favoured. A system is
defined to be at equilibrium when there are no internal driving forces for change, i.e.
when the Gibbs free energy functid@)(is minimal. Local and global minima f&3

are denoted O6metastabled and O6stabl ebd eql

GA

unstable

unstable
metastable

stable

Figure 2.8. The different states of equilibrium represented by balls on a surface,
wherethe height represents the Gibbs free energy function.

The equilibrium constant is related to the standard Gibbs free energy change of
reaction (pG°) by eq.(2.9):

DG A (z;, @) RHn(K (2.9)

4 ]
J

whereR is the wiversal gas constant (8.3145ndl".K™), T is temperature (K), and

g and pG;° are the stoichiometric coefficien(negative for reactants, positive for
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products) and standard Gibbs free energies of formation forjthepecies
participating in the reaction, respectively. Eq.(2.9) is extremely useful because it
allows equilibrium constants for many reactions to dadculated from a much
smaller set of knownpG;° values, and thus allows the determination of standard
thermodynamic functions: Gibbs free ener@/) enthalpy H°); and entropy §),

from solubility experiments and known thermochemical data. The thgmaodc

functions are related by eq.(2.10):
G=H TS (2.10)

whereH and S are enthalpy and entropy functions, respectiVely.standard Gibbs

free energy change of reactitor the reaction defined by eq.(2.Gan bewritten as
shown in eq.(2.11hecausés is a state function, i.e. it depends only on the state of a
systen and is independent of the way in which a system changes from one state to

another.

DrG:q.(2.7) {c X &+ @) (a-GDb, @ (2.11)

In the special case when a reaction is written for the dissolution of a pure solid phase
or a solid solution of constant composititie equilibrium constant is called the
solubility product Ks or Kg). The sadb s erdiem t@ricéssength. The
solubility product is a particularly useful parameter in thermodynamic modelling of
cementbased materials because it can be determined experimentally for individual
solid phases and then used to provide information about thétgtabthese phases

in different cement formulations. For example, the solubility product for portlandite
(Ca(OH})) can be expressed by eq.@®.,which corresponds to the reaction shown in
eq.(2.2):

Ca(OH),, = C&" ,, +20H (2.12)
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12

Keocqom, ={CH{OH} =1AR, (213

where the activity of (pure) Ca(Of)is set equal to 1 by definition. The ion activity
product (AP) is defined similarly to the expression foKg, but is alsofor

disequilibrium(eq.(2.B)).
2.2.3 Solid Solutions

Several of the solid phases discussed in this thesis, includif)g&-S-H, are
described as (sublattice) solid solutions. The chemical formula of a solid solution
phase with mixing on two sublatéicsites can be representaéd the form
Q[AB]'[C,D]% which can have any of the following emtembers:Q [A]*[C]?,
Q[AIY[D]? Q'[B]'[C]? or Q[B][D]% Each of the two sublattice sites (identified by
the square brackets) can accommodate two possible sublattice spexi@scan be
present in the first site (denoted by the supersdiptaindC or D in the second
(superscripR). The sublattice specids B, C andD patrtition into the sublattice sites,
while componen€’ represents the common component(s). Sublattice solid solutions
are not limited to two sublattices or sublattice spediesyever the mathematical
complexity of the related thermodynamic functions increases dramatically beyond

such cases.

The Gibbs free energy of mixing{,) of a solid solution phasn be conceptualised

in terms of three main contributions: mixing of simpgomponents to the solid
solution phase ( aneffects gfatorssubstibuingRradiffarént 6 s
configurations in the structure of the solid solution phaselan (excesshorideal
mixing component These contributions are emphasisedha expression foGn,
shownby eq.(2.3) (Hillert and Staffansson, 19Y.0

G, =G™" - TS & (2.14)
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where G™"is the Gibbs free energy of a compositionalyg ui val ent o6mechani
mi xtured of simple compo B¢ sthe differenceime sol i d
entropy between an ideal solid solution and its purensachber components (i.e.

the configurationakntropy), andG,, is the excess Gibbs free energy of the solid
solution. o6Simple ideal mixingGp=a&F" a 6mechal
i.e. for solid solutions withS,® and G,& terms equal to 0. The configurational

entropy term is expressed 849 = -RE[yiIn(y;)], wherey; is the site fraction of

specieg if the species in each sublattice mix randomly. If each sublattice species is

only allowed to enter into one sublattice si
configurational entropyetm can be expressed @& = -RE[gIn(G)], whereg is the

mole fraction of specigis The G, term represents the deviation of the solid solution

from ideality and is commonly expressed 1in
seriesd6 to descr i bdgGlym aad Regrdon, d980lochisd s ol ut i o

shown in eq.(23) for a binary solution solutio® [A,B]:

E —
Gm _CAQ‘ @Q

gpb“LAi(CAQ* - EQ*) + (@19

whereA, andA; are Guggengim interaction parameter§he RedlichKister form of
the Guggenheim expansion series is another commonly used express@®g for
(Glynn, 199}, and issimilar but contains dimensionless interaction parametgrs (
a1), eq.(2.B):

Gt =RTc ao Go

by

& al(CAQ* - QQ*) + (219

Real systems can generally be described quite closelgrny the first two terms on
the RHS of egs.(2.18.16) only; this simplification makes these expressions
functionally equliavrad emdr & mwevid ehredMaspsaegn neegtur i ¢

equation. Thereforghe interaction parameterd,, A, a, and a; are related to
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Margules parameterand may be conceptualised in terms of describihg

interactions betweeatoms orcomponents in the solid solution phase

2.2.4 Thermodynamic Models for CG-A-S-H

Only one GA-S-H thermodynamic model had been publist{eidas et al., 2011

2012 prior to the commencement of this thesis.

Haas and coauthors

The thermodynamic model of Haas et al. is based-&nS%H solubility data at bulk
Ca/Si ratios of 0.66, 0.8 and 0.95 at various bulk Al concentrafitess and Nonat,
2015 Haas et al., 203112012 Pardal et al., 2009 It is presumed that the
thermodynamic model is formulated as a mechanical mixduet of independent
C-(A-)S-H phasedecause Haas et al. provide no information about iRgrules
used in their modelSolubility product valuesare specifiedin this thermodynamic
model by fitting equilibrium constants for a set of aluminosilicate chain
condensatiofsurface reactions, and Al(OHJ/C&" complexation reactions and
protonation reactions with internal and surface silanol groups, -{&\-S-H
solubiity data (Haas et al., 20312012 Pardal et al., 2009 Optimised solubility
productsof the C-(N-)A-S-H phases described lilge thermodynamic modetlere
reportedby (Haas and Nonat, 2015The relatively low pHand Ca/Siratios of the
data set described by the model (H2.2and 0.660 Ca/Si00.95 suggests that it
may not accurately represent the solubility 6{NG)A-S-H in most hydrated PC

based materials and alkalctivated cements.

2.2.5 Thermodynamic Models for CG-S-H

A substantial amount of research has been devoted to understanding the solubility of
C-S-H (Atkins et al., 1992pAtkinson et al., 1989Chen et al., 2004Cong and
Kirkpatrick, 1996a Flint and Wells, 1934Fujii and Kondo, 1981Glasser et al.,
1999 Greenberg and Chang, 1966rutzeck et al., 1989Harris et al., 2002
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Jennings, 1986Roller and Ervin, 1940Suzuki et al., 1985Taylor, 1950 Walker et

al., 2007, and development of solubildyased thermodynamic models for this phase
has been ongoing over several decdédlsins et al., 1992aBerner, 1992Flint and
Wells, 1934 Gisby et al., 2007Glasser et al., 198Greenberg and Chang, 1965
Kulik and Kersten, 20Q1Reardon, 1990Suzuki et al., 1985Walker et al., 200)/
The majority of published G-H solubility data have been identified tollapse onto
several distinct solubility curvg€hen et al., 20Q4Jennings, 1986 indicating that

an important and complex structeselubility relationship exists for this psa
(Figure 2.9).
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Figure 2.9. CS-H solubility data compiled b€hen et al. (2004 with curves A, B,
C, C6 and CoSH wtipdifferentestructural gonfiQurations of €2H
bonds. Numbers are Ca/Si ratios of the solids analysed. Numbers in parentheses
indicate the Ca/Si ratios of solids containing Ca(©KApapted from{Chen et al.,
2009.
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Kulik, Lothenbach and coauthors

TheKulik and Kersten (2001C-S-H thermodynamic model containsd ideal solid
solutions (i.e. the excess Gibbs free ener@y*( = 0) describing mechanical
mixtures of i) tobermoritéike and jennitdike C-S-H structures of the type modelled

by Taylor (1986 between 0.8®0Ca/SIO 1. 67; and ii) a- Cal Si
like phase and amadnpus SiQ at lower Ca content. Eashember solubility products

were selected to fit the solubility data published@ygenberg and Chang (196

the original version of the thermodynamic model, but were later refitted to match a
much more comprehensive set ofSH solubility data compiled byothenbach et

al. (2008h. Lothenbach et al. (2008kalso adjusted thenthalpies of formation
(pH®) and standard entropie$’) of the tobermoritdike and jennitdike end
members to fit published &H solubility data between 20 and 80°C. This
thermodynamic model has been applied extensively to accurately predict hydrated
PC solid phase assemblages and pore solution compositions as functions of bulk
solid binder chemical conagitions(Lothenbach, 20L0.othenbach and Winnefeld,
2009 (Figure 2.10).
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Figure 2.10. Predicted phase assemblage of hydrated PC as a function of the time of
curing, assuming thermodynamic equilibriumA€, CA, C,S and GS are PC
clinker phases. Adapted frofhothenbach, 2010
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More recentlyKulik (2011) developed two thermodynamic models foSE based

on the GM(Richardson and Groves, 1992kwhich are therefore more structurally

consistent than the existing formulationkadlik and Kersten (2001 using a much

larger set of solubility data in the Ce&&O,-H,O system at ambient conditions

(Figure 2.11): the downscaled CSHQ and CSH3T models. The downscaled CSH3T

model is formulated as an idedb* = 0) sublattice solutiomo d e | with &6si mpl «
random mixingbé to define the configurationa
solid solution of tobermoritike phases between 0.60 Ca/Si O 1.5. The

downscaled CSHQ model is defined in terms of an id€& € 0) mechanical

mixture model describing a solid solution of mixed tobermelike/jennitelike

phases between 0.6¥Ca/Si02.25. The downscaled CSHQ model has been used in

a recent publication to describe the hydration and-teng chemistry of a PC/SF

based shotcrete cemédhothenbah et al., 201}
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Figure 2.11. Predicted-&-H solubility curves (traces) using the downscaled (A, B)
CSHQ and (C, D) CSH3T thermodynamic models compared to reported solubility
data for this phase (point§)ata fromChen et al. (2004are represented by large
squares, diamonds and circléslapted fromKulik (2011).

Walker and coauthors

Walker et al. (200)ydevebped a ES-H thermodynamic model to describe the total
solubility of this phase for Ca/Si rati@31. The thermodynamic model describes a
nonrideal subregular binary solid solution, formulated using CSH and Ca(@id)

members, with activity coefficients alculated from Guggenheim interaction
parameters used to describe the excess Gibbs free energy term. Thermodynamic
model |l i ng was perfor med to c(@lyne arida t e o]
Reardon, 1990solubility products for CSH and Ca(OHysing a comprehensive

solubility dataset in the CaSiO,-H,O system that was also determinedVidglker
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et al. (2007. The lower Ca boundary of the CSEH miscibility gap was determined
from Fourier transform infrared spectroscopy (FTIRJ XRD resultdWalker et al.,
2007 to fall at Ca/Si = 1.64, and least squares fitting of the Guggenpaiameters

was performed to best match the solubility data to obtain the upper Ca miscibility
gap boundary (Ca/Si = 12.2).

Atkins, Glasser and coauthors
Thermodynamic models for-S-H were developed by Atkins, Glasser and coauthors
over a period of seval yeargAtkins et al., 1992aGlasser et al., 1999which were
primarily utilised to predict the pore solution chemistry of hydrated blefigd
based cements in radioactive waste disposal applicgidkms and Glasser, 1992
Glasser and Atkins, 1994Two of the earlynodels developed by Atkins, Glasser
and coauthors were called the(Atknsatralt, i al 0
1994, which were intended for use at temperatures <80°C and between 80°&nd 9
respectively. Both models describedS¢H as a set of phase mixtures or single
phases in discrete Ca/Si intervals between 0.8 and 1.5, with solubility products
specified for each solid phase to best match the model$HCsolubility data
obtained bateen 25 and 85AC. For exampl e, t
contained:

i) CsSeHs (tobermorite) between Ca/Si = 0.8 and 0.85;

i) CsSHs and CSH between Ca/Si=0.85 and 1

iii) CSH and @S;H3 (afwillite) between Ca/Si = 1 and 1.5; and

iv) CsS;H3 and Ca(OHyfor Ca/Si > 1.5.

Later development of the model expanded this composition range from Ca/Si = 0.85
to >2, increased the number of phase mixtures/single phases (Ca/Si intervals of 0.85
1, 1-1.2, 1.21.6, 1.62, >2), and adapted the solubility products éach phase to

improve the fit of the model to a largerS&H solubility dataset.

and

he o6p



2. Literature Review 45

Davies, Gisby and coauthors

The GS-H solubility data at temperatures between 25 and 85°C used to parameterise

the thermodynamic models of Atkins, Glasser and coauilddkins et al., 1992a

Glasser et al., 1999were used in the development of a niieal sublattice solid

solution model by Davies, Gisby and coauth{@avies et al., 2014Gisby et al.,

2007). This thermodynamic model describesSE in terms of two solid solutions: a

low Ca/SiratioQL . 11) solid ;gel 6t aad Bohi §®e® Cal/
Ca/Si01.67) solid solution for €-H. Mixing in the GS-H solid solution models

specified using five sublattice sites and fouSE& endmembers, and is based on the
compound energy mod@Hillert, 1998. The Gibbs free energies of theStH end

members were adjusted to fit a large set of solubility data f8fHCat ~25°C. The
thermodynamic model generally prediatsver Si concentrations than shown by the

C-S-H solubility dataset used for model validation at Ca/Si ratios > 1.3 and does not
match the concentrations of Ca measured-B solubility experiments performed

by Glasser et al. (2005t Ca/Si ratios > 1.5 and temperatures fronrB23%C. The
thermodynamic model was extended to include mixing og,U®OH and KOH
speciesintheSH i nter |l ayer . No t h eSrHmo by, &MBidd0 d a

solid solution models we provided.

Thomas and Jennings

The thermodynamic model developed yomas and Jennings (1998escribes €
S-H as a solid solution with five sublattice sites: a paired site, jS&0bridgingsite
containing a vacancy represented by 20 H,SiO,%, a CaO layer site (Ca0), a
site for interlayer chargkalancing species (€aor 2H"), and an interlayer 40 site,

to describe an overall composition range of MBa/SiO1.67. Four engdnembers
were selected from this definition (i.e. all possible combinations of species in the
bridging site and the site for interlayer chalggancing species were allowed), and
the mixing rules for the sublattice solid solution model wksned as a mechanical
mixture with a subregular Redlidhister (Guggenheim) type excess Gibbs free
energy term(Glynn and Reardon, 199(ut without mention of the configurational

entropy. The Gibbs free energies of the -emembers and excess interaction
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parameters were fitted to best match th8-B solubility data measured l6yong and
Kirkpatrick (19964

Berner

The GS-H thermodynamic model formulated Berner (1992 describes a mixture

of a Si0, endmember (Ca/Si = 0) with idedG=* = 0) solid solutions of Si@
CaHSiO, between 0 < C/® 1, Ca(OH)-CaH:SiO, between 1 < C/® 2.5, and
CaH:SiO,s-Ca(OH) for C/S >2.5. The solid solutions are described as mechanical
mixtures. Solubility products were specified for each of the-reathbers as
constants or as functions of the Ca/Si ratio of th&-I€ phase. The thermodynamic
model was applied to predict the pore soluichemical composition of hydrated PC,
including a hydrated PC/(€ai-)uranium oxide matrix, under thousands of
groundwater exchange cycles, to simulate the-teng leaching behavior of these

materials in a radioactive waste repository.

Reardon

Reardon (1990 developed a thermodynamic model forSEGH using the Pitzer
interaction mode(Pitzer, 199) to calculate ion activity coefficients in the aqueous
phase. The model defined theSH solubility product as an empirical function of

the Ca/Si ratio of this phase, which was selected to match th8ilsalubility curve

of Jennings (1986 Solid phase assemblages and aqueous phase chemical
compostions werealculated to describe the reaction between sulfuric acid and a
hypothetical mixture of €5-H, Ca(OH} and GAH13 as a preliminary demonstration

of the thermodynamic model.
2.2.6 Thermodynamic Data for Secondary and Minor Cement Phases
Thermodynamic magls have also been developed for secondary and minor cement

phases such as #¢ hydrogarnet(Dilnesa et al., 200)4and C,AcH;1-C4A (A1,
(Matschei et al.,, 2007b These models, thermodynamic models fe(N9)A-S-H,
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and thermodynamic data for pure secondary and minor cement phases are compiled
in thermodynamic databases. Several thermodynamic databases for cement phases
have been developdatkins et al., 1992aBlanc et al., 201Qa2010h Lothenbach

and Winnefeld, 2006 Savage et al., 20)1 although the most widely used
thermodynamic database in the cement chemistry literature is CEMDKUAK

and Kersten, 20012002 Lothenbach et al., 2008lh.othenbach and Winnefeld,

2006 Matsctlei et al., 2007pMdschner et al., 200816schner et al., 200%Bchmidt

et al., 2008 Development of this database has been ongoing for nearly a decade.
However, the thermodynamic model for(B-)A-S-H in CEMDATA is based on the

C-SH model of Kulik and Kersten (2001 so does not describe structural
incorporation of Al in this phase. Consequently, the utility of CEMDATA is

generally limited to relatively lowAl cementbased materials such as hydrated PC.

2.3 Conclusions

The main hydration product in hydrated-B@&sed materials and AAS is(@-)A-S

H. The chemistry of this phase has been studied for decades, although its exact
structure is not fully understood. It is generally thought th&iNQA-S-H resembles

a solid solution of poorkgrystalline tobermoritdike phases over a large range of
CaAl-Si compositions: the theoretical composition envelope is 0.6/(Al+Si) O

2.5 and Al/SiO0.5, although the Ca and-8bntent of this phase is greatly limited by
secondary and minor cement phases at high Ca and Al concentrations, sSo maximum
Al/Si ratios of ~0.2 are typically obtained in phapare samplesCrosslinking of
aluminosilicate chains in {N-)A-S-H is possible in lowCa (Ca/SiO 1) materials

such as NgiO; and NaCOs-activated slag cements. Al is generally thought to be
structurally incorpaated only in bridging sites in-ON-)A-S-H, in accordance with

the AI-O-Al avoidance principle of Loewenstein. Al may also be present as
positively-charged aqueous species in the interlayer -gN-GA-S-H in five-fold
coordination, although there is no sensus on the location of Al[6] incorporation

into this phase. Other dissolved interlayer and surface complexes bour(NpA€
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S-H include C&" and alkalis, although the exact mechanism of alkali uptake in this

phase is not fully understood.

Many structiral models have been developed fo{NZ)A-S-H, but none are as
flexible for determining chemical compositions and structural parameters as the
SGM. The major limitation of this structural model is that it does not contain a
description of crosinked G(N-)A-S-H phases. The SGM is also limited by its non

specific structural des&.osiption of O6ésolid so

The secondary and minor phases formed in hydrated cements depend greatly on the
cement formulation and curing conditions; however, portlandite and AFm/AFt
phases typically form in hydrated Hfased materials, and Mg LDH and AFm
phases are common pret¢gies in AAS cements. Thermodynamic modelling
exploits this link between phase formation, cement formulation and curing
conditions, which makes it a key technique in the development of a general
framework to understand the durability of modern cerbasedmaterials. Many
thermodynamic models for-G-H are available, although none have been developed
for C-(N-)A-S-H that include structural incorporation of Al at pH conditions >12.5,
which is the pH range of interest for most hydrated PC materials and AdsShas
limited the utility of the thermodynamic modelling technique to describe the
chemistry of these materials in the past. Therefore, the development of a
thermodynamic model for (N-)A-S-H, formulated with a description of Al
structurally incorporatd into this phase and parameterised to more accurately
describe the solubility of cemebhased materials at pH > 12.5, would represent a
major step towards being able to predict the chemistry, and durability properties, of

many more cemesiased materiali® service.
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Materials and Methods

3.1 Introduction

Chapter 3describes the materials, experimental techniques and the thermodynamic
modelling approach used in the thesis. The chemistry of AAS cements and the
constituent solid reaction products formed in these materials are analysed using X
ray diffraction (XRD), sanning electron microscopy with energigpersive Xray
spectroscopy (SENEDS), and?’Al and °Si magic angle spinning nuclear magnetic
resonance (MAS NMR). Laboratesynthesised &-H, C-A-S-H and G(N-)A-S-H
products are analysed by XRD with Rietveld algmis, ?°Si MAS NMR,
thermogravimetric analysis (TGA), ion chromatography (IC), pH analysis and
thermodynamic modellinglhe contributions of cavorkers (.e. other than Rupert J.
Myers) to the thesis, in particular to the experimental program, are distbd start

of Chapters 8.

3.2 Materials

3.2.1 Alkali -Activated Slag (AAS) Cement

The AAS cement studied here was synthesised using G&3ied by Zeobond Pty
Ltd. (Australia) with chemical composition given in Table Jrheasured by the
Analytical X-ray Unit, Latrobe University, Australia)This GBFS has &pecific
gravity of 2800 kg/mi, a Blaine fineness of 410%kg, aparticle size rangef 0.1-74

>m asdetermined through laser granulometrigd adso of 15>m.

49
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Table3.1 Chemicalcomposition of the GBFS used in this work as determined-by X
ray fluorescence. LOI is loss on ignition at 1000°C.

Component (mass % as oxide)
Sio, 33.8
Al,O3 13.7
FeOs 0.4
CaO 42.6
MgO 5.3
Na,O 0.1
K,0 0.4
Others 1.9
LOI 1.8

The alkali activator was prepared by dissolution of solid NaOH pellets (Sigma
Aldrich, Australia) into D grade (PQ, Australia) sodium silicate, to reach a modulus
(SiO/N&O molar ratig of 1.0. TheAAS cements were activated using this solution,
added at a ratio oBg NaSiOy/100g GBFS Water was added tachieve a
water/binder (w/b) ratio of 0.40, and the activator was allowed to cool to room
temperature prior tpreparation of the specimengie AAS cementsvere cured in

sealed bags at 23°C until testimond werecrushed by hand before analysis.

3.2.2 Laboratory-Synthesised G(N-)A-S-H

C-(N-)A-S-H samples were prepared by mixing M water (Merck Millipore),

SiO, (Aerosil 200, Evonik), CaO (obtained by burning CaGRMerck Millipore) at
1000°C for 12 hours)CaO-ALO3; and 0to 1 M solutions of NaOH and/or KOH
(Merck Millipore) at asolution'solid ratio of 45 in a No-filled glovebox to obtain
thebulk molar Al/Si ratios (Al/Si*)and bulk molar Ca/Si ratios (Ca/Sitjvestigated

in this thesis(Al/Si* 00.15 and0.6 O Ca/ S . The CaOIA086(99.1 wt.%
determined by XRD with Rietveld analysisvas made from CaCQOand ALO3
(Sigma Aldrich) by heatindor 1 hour at800°C 4 hours at 1000°C ar®l hours at
1400°Cin a Carbolite HTF 1700 furnace (the heating rate to 800°C and between
each subsequent temperature was 300°C/hthe)) cooled at 6009Gour under



3. Materials and Methods 51

laboratory atmosphemnd groundvith a Retsch PM100 ball mitb a Blaine surface
area of 3790 chfg (Lothenbach et al., 2012b

Samples were equilibrated at 7°C, 2046d 50°C in polyethylene vessetnd at
80°C in teflon vessels. The 7°C, 50°C and 80°C sanpdes shaken twice per week
and the 20°C sanhgs were shaken continuously at 100 rgdmceequilibrium was
approachedl year at 7°C, 182 days at 2Q°&hd 56 days at 50°@nd 80°Q, the
samples were vacuum filtered with 0.45 pum nylon filters inJiled glovebox.
Equilibration times were selectéollowing the study of GA-)S-H kinetics at 20°C

in (L'Ho6pital et al), which showed approximately constant supernatant compositions
after 182 days; additional analysis generally showed small differencez5¢6) in
dissolved Si, Al and Ca concentrations between 91 days and 1 year for the 7°C
samples and 56 and 91 days for the 50°C samplesfiltered solids were washed
with a 50% v/v wateethanol solution, followed by a >9bl.% ethanol solution,

and therfreezedried for 7 days. The dried solids were stored iffiled desiccators

with humidity and CQ traps made from saturated CaGblutions (~30%relative

humidity, RH) and solid NaOH pellets, until analysis.

3.3 Experimental Techniques

3.3.1 X-ray Diffraction (XRD) and Rietveld Analysis

XRD describes the phenomenon that occurs when-gay Xeam is diffracted by a
surface. When the diffraction surface is approximately flat relative to the incident
beam (e.g. ordered crystal planes), the diffractechys that undergo constructive

interference can be described by Braggods

n/ =2dsin( g (3.1

wheren is an integera-is the wavelength of the incident-rdys, d is the depth

between diffraction surfaces adds the scattering angle between the incidemays
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and the diffraction surface. Constrwei interference typically occurs at multiple
scattering angles, rather than at a single valud. dthe measured intensity tlie
diffracted Xrays typically plotted as a function aof, yields a diffraction pattern.
Identification of solid phases from #ifiction patterns is possible because each
crystalline phase has its own unique diffraction pattern; individual phases can be
identified in materials containing more than one crystalline solid phase with XRD.
XRD is a powerful characterisation tool for cems because the solid binders in

these materials typically contain several (s¢erystalline solid reaction products.

AAS Cement

Powder XRD analyses of AAS cement specimen were conducted using a Bruker D8
Advance instrument wi t lckel @lier. el testsavdre at i on an
conducted with a step size of 0.020A, for a

identified by comparison with reference cards in the Powder Diffraction File (PDF)

as noted in Chaptersst

LaboratorySynthesised QN-)A-S-H

Powder XRD patterns of laboratesynthesised ¢N-)A-S-H samples were recorded

on a PANal yti cal X6Pert Pr o MDF diffract ol
Johansson monochromator for Cu KU radiation,
step si ze Anfextehal Cdgtandadl dvas used for Rietveld analysis,

enabling quantification of the amount of(N-)A-S-H in each sampl@O'Connor and

Raven, 1988 Average basal (gh2) spacings of the €N-)A-S-H products were

determined by visual inspection. Rietveld asaywas performed in PANalytical

HighScore Plus software. The PDF reference cards used to identify the solid phases

present in the samples are provided in Chaptéxs 8
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3.3.2 Scanning Electron Microscopy(SEM)

Energydispersive Xray spectroscopy (EDS$ used to determine the (ne€aurface
elemental composition of a sample imaged by a scanning electron microscope
(SEM). This technique is referred to as SEHS. In a SEM, a high energy electron
beam of specified energy and creextional area is firedt the surface of a sample

in a vacuurrsealed chamber. On impact with the sample, the electrons release energy
in an impact volume in the vicinity of the impact spot (the typical impact volume for
SEM-EDS analysis of cements is >°. Some electrons ithe incident electron
beam impact and eject inmghell electrons residing in atoms within the impact
volume, to create electron holes. These electron holes are filled with -biggrgyy
outershell electrons, which generate characteristi@y$ that cate counted with a
detector. Characteristic-Kays have energies that are equivalent in magnitude to the
energetic differences between the inner and esltells of the excited atoms. The
identity of the excited atoms can be determined because the enazigydkelectron
shells in each element are unique. For SEINS analysis of materials containing
multiple elements, characteristicrdys can be classified according to their energy
and counted to determine the relative amount of each element (chemical

conmposition) in the impact volume.

AAS Cement

An FEI Quanta environmental SEM with a 15 kV accelerating voltage and a working
distance of 10 mm was used to analyse AAS cement specimen. Polished, uncoated,
samples were evaluated in low vacuum mode usingcksbatter detector. A Link

Isis (Oxford Instruments) energy dispersiveray detector was used to determine
chemical compositions. An average of approximately 30 data points were collected

for elemental analysis at each time of curing studied.
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3.3.3 2°Si Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR)

Nuclear magnetic resonance (NMR) spectrometers are used to probe the interactions
between nuclei with intrinsic magnetic moments @@ero spin) and applied
magnetic fields to resolve the locadiamical environment of nuclei such &@si. In

an NMR experiment, relaxation of spinning nuclei back to thermal equilibrium in an
applied static fieldBy), after perturbation by radiofrequenay) (radiation, generates
voltage in a coil surrounding treample. The voltage response is tidependent, is

called the free induction decay (FID), and is recorded by the NMR spectrometer.
Fourier transformation of a FID results in BMR spectrum, which is a plot of the
amount of resonating nuclei as a functarfrequency, or more commonly chemical

shift (0).

The FID generated by a NMR experiment is intrinsically linked to the total nuclear
spin Hamiltonian, which represents the total energy of azeom spin atomic
nucleus and consists of several components: the dipolar and chemical shift
Hamiltonian componda are important for resolving the total spin Hamiltonian of
29Si nuclei (spin = 1/2). The timaveraged value of the dipolar Hamiltonian is equal

to 0 and chemical shift anisotropy is removed when a sample is spun rapidly at the
magic angle spinning (MASondition, i.e. at an angle of G&ya9d = 1/3 Oyas &
54.74°) with respect to the static magnetic fieRy)( Therefore, local chemical
environments fof°Si nuclei can be represented in terms of the isotropic chemical
shift (tiso, the average chemical shift) in MAS NMR spectra. Sstate®°Si MAS

NMR spectra are referenced to an external standard, typically tetramethylsilane
(TMS), so that local chemical environments can be determined from known isotropic
chemical shift assignmés reported in the literature. NMR spectra for samples that
are not spun sufficiently rapidly contain spinning sidebands, which are separated
from each other and the central transition by the spinning frequency and can
complicate this analysisThe Q(mAl) notation is used to describ@Si site

environmentsas shown in Figure 3.1.
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Figure 3.1. &(mAl) notationand?®Si shift range for the &mAl) sitesdiscussed in
the thesisadapted fronfEngelhardt and Michel, 1987

AAS Cement
Solid-state?®Si MAS NMR spectra for the AAS cement specimen were collected at

119.1 MHz on a Varian VNMR$00 (14.1 T) spectrometesing a probe for 4 mm
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0.d. zirconia (PSZ) rotors and a spinning spexdl ¢f 10.0 kHz. The®*Si MAS
experiments employed a pulse width of 4 ps, a relaxation delay of 20 s, and 4096

scans?°Si chemical shifts are referenced to external TMS.

Deconvolutons of the°Si MAS NMR spectra for these samples are performed using
the minimum number of component peaks needed to describe the spectra. These
spectra were manually fitted with Gaussian functions, with the full width at half
height (FWHH) of each compent peak constrained to <10 ppm and assigned to
connectivity states based on information available in the literature for cements
(Richardson et al., 1993kibsted and Andersen, 2Q1Zeolites(Engelhardt and
Michel, 1987, and silicateactivated slag cement@Bernal et al.,, 2013c Peak
positions and widths for each identified species were held constant throughout the
deconvolution process. The component peaks assigned to the remnant anhydrous slag
are rescaled vertically by a single factor in each spectrum, to provide the appropriate
lineshape in the corresponding regions of the spectra and determine the slag reaction
extent. A recent studie Sao(t et al., 20} 5howed that’Si MAS NMR spectra of

AAS cements can be appropriately quantified in this way.

Quantification of the &4Al) component in he ?°Si MAS NMR spectral
deconvolutions for the AAS cement specimenperformed using eq.(3.2) assuming
that the only @ units are 4Al) and J(3Al), and that these sites are present in a
separate Atich phase additional to the-@®l-)A-S-H gel:

- _ e2(si/ Al) -1
Q'(4A) Q4(3Al)gl_ (Si/ AI)* (3.2

where | is the relative intensity of the “@BAl) component determined from

Q*(3Al)

deconvolution analysis of the experimerftdi MAS NMR spectra)” is the

Q' (4A))
calculated relative intensity of’@Al) components andS{/Al)” is the assumed Si/Al

ratio of the @-containing phase. Ani\l ratio of 1.2 is used here, which is
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consistent with the composition of-AFS(-H) (geopolymer) gels determined from
MAS NMR (Duxson et al., 2005and statistical thermodynamic model predictions
(Provis et al.20053.

Laboratory-Synthesised -QN-)A-S-H
Solid-state ?°Si MAS NMR spectra for the laboratesynthesised @N-)A-S-H
samples were collected at 79.49 MHz on a Bruker Avance 400 MHz NMR
spectrometer with a 7 mm CP/MAS probe. The measurements werded using a
4500 Hz spinning rate, 9216 scans, "/ 3
29sj chemical shifts were referenced to external Ti@Bectral deconvolutions are
carried out using component peaks with a Lorentzian/Gaussianafa@idb, full
wi dth at half height O 3 ppm, constant
peak amplitudesThese constraints are for tobermotile nanostructures with
nearesineighbour AIO-Al avoidance (Loewenstein, 1994and are required for
consistency wiytphe-dd adiaiBestrecturkéRithardgson, 2004 A
ratio of sz/sz = 2 is specified for the necrosslinked G(N-)A-S-H products. fie
following additional constraints are specified for the ciodsed G(N-)A-S-H
productgMyers et al., 2013

) Q(1AINWAY 2Q

i) Q’+ QA 1 A I2(0Q° +QQ(1AD));

i) 2 0 0

iv) Q( 1Al)* O 0; and

v) Q5 1Q% =2
where Gy* = Q% i 2(Q* + Q%(1Al)) and G(LAI* = Q*(LAl) i 2Q°(1Al).

3.3.4 ?’Al MAS NMR

The principles of*’Al and ?°Si MAS NMR are similar, except the quadrupolar
interaction Hamiltonian is nermero for?’Al nuclei (spin = 5/2). High magnetic field
strengths are used in NMR analysis “8Al because this reduces secemrder

quadrupolar effects, which are inversely pngjpmal to the magnetic field strength

c
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(first-order quadrupolar effects can be removed by spinning at the magic angle).
Chemical shifts for’Al are typically referenced to an external standard such as
Al(H20)5> aqy 2"Al site environments are referencesingthe d' notation where this

notationfor Al sites is equivalent to the"@otation for Si site¢Harris et al., 1997

AAS Cement

Solid-state /Al MAS NMR spectra were acquired at 156.3 MHz orVarian
VNMRS-600 (14.1 T) for AAS cement specimen cured fdr8D days, with a pulse
width of 0.5 ps, a relaxation delay of 2 s, and at least 1000 scans. All spectra were
collected with a tip angle of 51°. AdditiondAl MAS NMR spectra were acquired
at104.2 MHz on a Varian VNMRS 400 (9.4 T) spectrometer for the anhydrous slag
precursor and the sample cured for 2 years ®g¢dth 14 kHz, a pulse duration of 1
es, recycle del ay o f'Al thenfical shifta aredrefefedoddto r epet i t i
externall.0 M aqueous AI(Ng); via internal referencing using the hydrotalcite peak

at liso = 9.68 ppm, using the parameté€ls = 1.2 MHz anddg = 0.8 as determined

for a pure hydrotalcite sample (S.A. Walling and S.A. Bernal, unpublished data) and
the calculatiormethod reported i(Engelhardt anéoller, 1991).

2’Al MAS NMR spectra are deconvoluted manually using the Dmfit software
(Massiot et al., 2002and the (Czjzek) Gaussian Isotropic Mo¢iEEuville et al.,

2009 (exponent of the standard deviation of the Gaussian distribution for each
component = 5) to model quadrupolar peak shapes. Secondary reaction products
identified from the XRD data are quantified in the spectra using component peaks
matched to coordination and connectivity states that are consistent with the literature
(Andersen et al., 2006ideris et al., 2012 Quadrupolar coupling parametefSo)

used to define the peak shapes for these secondary products are taken from the
literature, as shown in Chapter54The component peaks of the remnant anhydrous
slag and the €N-)A-S-H gel are defined using quadrupolar coupling parameters that
provided a good fit to the experimental spectra and are consistent with the
established values for aluminosilicates such as zedKtiasowski, 1984. The first

order spinning sidebands in the spectra for the samples cutedl8f days3gr = 10
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kHz) were fitted using symmetric quadrupolar lineshapes around the central
transitions for the Al[4] and Al[6] components, and were taken into account in the
quantification of deconvoluted spectra. It has been shown that the maaoifold
spinning sidebands in MAS NMR spectra of quadrupolar nuclei can be relatively
accurately approximated by symmetric fisstler contributions(Skibsted et al.,

1991), which supports the methodaly applied here.

The Al[4] component of the remnant anhydrous slag is rescaled by the same factors
used in analysis of th&Si MAS NMR spectra, assuming congruent dissolution of
the slag and corrected to exclude silica supplied by the activator, sbdleattent of
reaction of the slag is identical in both sets of spectra at each time of curing. The
Al[6] component of the anhydrous slag peak is excluded from the rescaling
procedure because only <4% of the total spectral intensity remained in this regio
after subtracting contributions from the Al[4] spinning sidebands overlapping in the
Al[6] region. The assumption of full incorporation of Si present in the activator into

the solid binder leads to eq.(3.3):

R= (1- ];10)()(;( +X2) XZ (33)
1

whereR is the fraction of Si in the slag that has reactds the percentage of the
tot al Si added to the mix that has not
Q% peak in tHMABAMR specta)Xuis teechumber of moles of

Si in the slag ani; is the number of moles of Si in the aetior. The fraction of Al

in the slag that has reacted is then define® @shus the fraction of Al in the slag

that has not reacted is-R 6Hence, the congruent slag dissolution assumption can

be applied to eq.(3.3) to yield eq.(3.4):

(1' %})(Xl +X2) xz
Xl

1-R' 4 (3.4)
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The lineshape of the Al[4] component of the anhydrous slag (determined through
analysis of ‘Al MAS NMR spectra for the anhydrous slag) is rescaled using eq.(3.4)
in fitting of 2’Al MAS NMR spectra to determine the fraction of Al in the slag

remaining in the mix at each time of curing.

Component widths were unchanged and peak paositiere held approximately
constant (maximum variation afps = 0.5 ppm) in the deconvolution process.
Simulated line broadening &fs = 50 ppm is performed using Gausslanfor the
reaction products and Lorentziap for the anhydrous slag. Isotropic chemical shifts
(Gis)) were calculated for the peaks in the deconvoluted spectra using the method
described ifAndersen et al., 2006using the observed chemical shii,( values

determined here.
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3.3.5 Thermogravimetric Analysis (TGA)

TGA is the study of hownaterials change in mass as a function of temperature. TGA
of cements is typically performed up to ~1000°C to measure mass losses due to
release of KO and CQ from constituent phases in the solid binder. This technique is
used for phase characterisaticacuse the chemistry and mass loss temperatures of
a solid phase are related. Phase characterisation is typically performed using the first
derivatives of TGA traces, where the temperatures at which mass losses occur are

more apparent.

LaboratorySynthesied G(N-)A-S-H

Thermogravimetric analysis (TGA) data were recorded on a Mettler Toledo
TGA/SDTAS85T at a heating rate of 20°C/min under apdtmosphere. Mass losses
between 30°C and 550°C were assigned to the combined dehydration and
dehydroxylation effets of G(N-)A-S-H, katoite, AI(OH}, stratlingite and
portlandite products during heatingmass losses assigned to portlandite were
measured between 400°C and 520°C.

3.3.6 lon Chromatography (IC) and pH Analysis

An IC experimenseparateaqueous species based on their affinity to bond to an ion
exchange bed; those with greater affinity for the ion exchange bed are eluted slower
than those with lower affinity. The eluted species are counted and classified in terms
of residence time. Thera®®, element concentrations in agueous solutions can be

determined using IC.

A pH meter measures the potential over asgsitive glass membrane of a pH
electrode that is referenced to an electrode with constant potential. Temperature
probes are also canonly integrated into pH meters. Calibration of the pH electrode
and conversion of measured potentials to pH values is performed via the Nernst

equation (eq.(3.5)):
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E=g £230RT %H (35)

wherekE is the potential differencegy is the standard electrode potentiljs the
universal gas constant (8.3145maI*K™), T is temperature (K),n is the
stoichiometric amount of electrons transferred in the electrochemical reaction (mol),
F is the Faraday constant (96485@4nol) andpH is defined by eq.(3.6):

pH = Hog,{ H'} (3.6)

where the curly brackets denote activity.

LaboratorySynthesised QN-)A-S-H

A Dionex DP ICS3000 ion chromatograph was used toed®ine Ca, Si and Al
concentrations in the filtrates (relative measurement error £10% in the concentration
range of interest and detection limit of 0.1 ppm). Si was detected using a sodium
carbonate/bicarbonate eluent and a postcolumn reagent of sodiybdatelsodium

lauryl sulphate in metasulfonic acid. Al was measured using a HCI eluent and a
Tiron/ammonium acetate postcolumn reagent. Aqueous hydroxide concentrations
were determined at ~23°C with a Knick pH meter {deter 766) equipped with a
Knick SEI00 electrode that was calibrated against KOH solutions of known

concentrations.
3.4 Thermodynamic Modelling

3.4.1 Modelling Method

Thermodynamic modelling is performed in GEM Selektor v.3 software
(http://gems.web.psi.ch/YKulik et al., 2013 Wagner et al., 20)2using the
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PSI/Nagra 12/07 thermodynamic dadae(Thoenen et al., 20)3which is updated

from (Hummel et al., 2002 via the inclusion of two additional aqueous
(alumino)silicate species, and the CEMDATAOQ7 thermodynamic datafagdik

and Kersten, 20012002 Lothenbach et al., 2008lh.othenbach and Winnefeld,

2006 Matschei et al., 2007iM6schner et al., 200816schner et al., 200%Bchmidt

et al., 2008 updated to include recently published dataAt§OH); and hydrogarnet
phasegqDilnesa et al., 20%4Lothenbach et al., 2013band G(N-)A-S-H, MgAl-
OH-LDH, zeolites and alkali carbonate minerals as describ&hapters 8 of this

thesis The thermodynamic properties of the gases and aqueous species used in these
calculations are shown in Tables 33, with full details of te solid phases used

described in each thermodynamic modelling chagibapters ).

The ideal gas equation of state is used to describe the gases and the T¥aasdell
form of the extended Debydiickel equation, eq.(3.4Helgeson et al., 1981is

used to describe the aqueous species.

N s
log,, 9, :L:AZ—BJ\/T Bl |®910))2— (3.7)
9 w

Here, 3 and z are the activity coefficient and charge of ffeaqueous species
respectively, A, and B, are temperature and pressdependent electrostatic
parameters|, is the ionic strength of the aqueous electrolyte pHasethe ion size
parameterb, is a parameter that describes shrartge interactions between charged
agueous species in an elettte solution (representing the predominant electrolyte
in the system)x;,, is the molar quantity of water, ai@, is the total molar amount of
the aqueous phase. Constant valued @31 A) andb, (0.098 kg/mol) are taken to
represent the average iorzesiand common sherange interactions of charged
agueous species in a Na@ldminated solutiorfHelgeson et al., 1981n Chapters
6-7. lon size and extended term parameters for K@ 3.67 A andb, = 0.123
kg/mol) (Helgeson et al., 198lare used inChapters 8. The water activity is

calculated from the osmotic coefficigiitelgeson et al., 1981
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Table3.2 Thermodynamic properties of the gases used in the thermodynamic modelling simulations. The reference state is 2980Hs.K and 1

VO mHO mGO SO Cpo
Gas (cm¥mol)  (kI/mol)  (kImol)  (I(mol.K))  (J(mol.K)) Reference
N, 24790 0 0 191.6 20.1 (Wagman et al., 192
O, 24790 0 0 205.1 29.3 (Wagman et al., 19§2
H, 24790 0 0 130.7 28.8 (Wagman et al., 1932

Table3.3. Thermodynamic properties of the aqueous species used in the thermodynamic modelling simulations. The reference state is unit
activity in a hypothetical one molal solution referenced to infinite dilution at any temperature and pressure for aqeies(tdedgeson et al.,

1981).
. Ve opH° qnG° S° Cp°
Species (cm¥mol)  (kI/mol)  (kJ/mol)  (I(mol.K))  (I/(mol.K)) Reference
Al -45.2 -530.6 -483.7 -325.1 -128.7 (Shock etl., 1997
AlO* (+ H,0 = AI(OH),") 0.3 -713.6 -660.4 -113 -125.1 (Shock et al., 1997
AlO; (+ 2H,0 = Al(OH),) 9.5 -925.6 -827.5 -30.2 -49 (Shock et al., 1997
AIOOH? (+ 2H,0 = Al(OH)) 13 -947.1 -864.3 20.9 -209.2 (Shock et al., 1997
AIOH? 2.7 -767.3 -692.6 -184.9 56 (Shock et al., 1997
AIHSIOZ?* (+ H,0 = AISIO(OH)™ -40.7 -1718 -1541 -304.2 -215.9 (Matschei et al., 2007b
AISiO4 (+ 3H,0 = AISIO(OHY) 25.5 -1834 -1681 11.1 -4.6 (Matschei et al., 2007b
AISO," -6.0 -1423 -1250 -172.4 -204.0 (Matschei et al., 2007b
Al(SOy), 31.1 -2338 -2006 -135.5 -268.4 (Matschei et al., 2007b
ca” -18.4 -543.1 -552.8 -56.5 -30.9 (Shock et al., 1997
CaOH 5.8 -751.6 -717 28 6 (Shock et al., 1997
Ca(HSiQ)" (+ H,0 = CaSiO(OHY") 6.7 -1687 -1574 -8.3 137.8 (Sverjensky et al., 1997

64
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Table3.3. Continued.

. Ve QH® @G S° Cp°
Species (cm¥mol)  (kJmol)  (kJ/mol)  (J/(mol.K)) (3/(mol.K)) Reference
CaSiQ° (+ H,O = CaSiQ(0OH),") 15.7 -1668 -1518 -136.7 88.9 (Matschei et al., 2007b
CasQ’ 4.7 -1448 -1310 20.9 -104.6 (Sverjensky et al., 1997
K* 9.0 2521  -2825 101 8.4 (Shock et al., 1997
KOH® 15 4741 -437.1 108.4 85 (Shock etl., 1997
KSOy 275 1159 -1032 146.4 45.1 (Sverjensky et al., 1997
Na' 1.2 2403  -261.9 58.4 38.1 (Shock et al., 1997
NaOH’ 35 4701 -418.1 44.8 13.4 (Shock et al., 1997
NaSQ- 18.6 1147 -1010 101.8 30.1 (Matschei et al., 200Fb
HSIO5 (+ H,0 = SIO(OHY) 45 1145  -1014 20.9 87.2 (Sverjensky et al., 1997
Sio’ 16.1 -887.9 -833.4 41.3 445 (Kulik and Kersten, 2001Shock et al., 1989
SIOZ (+ H,0 = SIQ(OH).?) 34.1 1099 -9385 80.2 119.8 (Matscheiet al., 2007
S,0% 27.6 649.9  -520.0 66.9 238.5 (Shock et al., 1997
HSO; 33.0 627.7  -529.1 139.7 5.4 (Shock et al., 1997
SO? 4.1 6369  -487.9 29.3 -281.0 (Shock et al., 1997
HSO; 34.8 889.2  -755.8 1255 22.7 (Shock et al., 1997
ok 12.9 909.7  -7445 18.8 1266.1 (Shock et al., 1997
H,S° 35.0 -39.0 27.9 1255 179.2 (Shock et al., 1989
HS 20.2 116.2 12.0 68.2 93.9 (Shock et al., 1997
4 20.2 92.2 120.4 68.2 93.9 (Hummel et al., 2002
Mg?* 22.0 4659  -4540  -138.1 21.7 (Shock et al., 1997
MgOH" 16 690.0  -625.9 79.9 129.2 (Shock et al., 1997
Mgagssl%(gH:E? -10.9 1614 1477 -99.5 158.6 (Shock et al., 1997
MgSQ, 18 1369 -1212 50.9 190.3 (Hummel et al., 2002%5hock et al., 1997
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Table3.3. Continued.

. 2 QH® PG° S° Cp°
Species cm¥mol)  (kImol)  (kImol)  (J(mol.K))  (J/(mol.K)) Reference
MgSiOy° (+ H,O = MgSiQ(OH),") 12.1 -1597 -1425 -218.3 98.2 (Hummel et al., 2002
OH 4.7 -230 1157.3 107 1136.3 (Shock et al., 1997
H* 0 0 0 0 0 (Shock et al., 1997
H,0° 18.1 -285.9 -237.2 69.9 75.4 (Johnson et al., 1992
N, 33.4 10.4 18.2 95.8 234.2 (Shock et al., 1989
0,° 30.5 12.2 16.4 109 234.1 (Shock et al., 1989
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The extended Debytickel equation is accurate moderataonic strengthsuyp to ~

1 molal) (Helgeson et al., 1981so is appropriate for the laboratesynthesised €
(N-)A-S-H products (Chapters-®), but this limit is lower than the ionic strength in
AAS pore solutions (=B nol/kg in sodium silicate activated slag cements, e.g.
(Gruskovnjak et al., 2005 This equationd choserior thermodynamic mdelling of
AAS cementgChapters$-7) becausd is directlyencodedn GEM-Selektor and this
thesis presents the first stiepthe development ofthermodynamic moddor C-(N-

)A-S-H in these materials

LaboratorySynthesised -(N-)A-S-H
Solubility productsfor laboratorysynthesised €¢N-)A-S-H productsare calculated

from experimental data obtained in the thessing the reaction represented by
eq.B.9):

(Ca0), (SiQ), ( Al Q). (N&,0),(K,0),( HQ, ==

aCa® ., + bSIG , +2CAIQ,, 2dNgl, 2+eK.: (38)

+2(a -b e d+ § OH (bt c f+a+d e€H;Q,

(ag)

wherea, b, ¢, d, e andf are the respective stoichiometric coefficients for CaO,,SiO
Al,0O3, N&O, KO and HO in G(N-)A-S-H. This reaction implies the following
relationships foKs (eg(3.9):

2c

K, ={Ca” .} 151Q° ) { 810 1) 9
¢N3+(aq)}2d {@ JEaG)} 2e {OG (_aq} 2(a b-c d e+{ |_|2((..pl)}(b+c H# a d-¢ '

Activities of CéJr(aq), Sing_(aq), A|02_(aq), Na+(aq), K+(aq), OH(aq) and HgO(|) species
were determined in GEMbelektor v.3Kulik et al., 2013 Wagneret al., 2012 The

OH concentration is nmahed to the measured pH values in these calculations
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Chapter 8, andhe measured concentrations of Ca, Si, Al, Na, K and i®khe

supernatants were used in Chapter 9

Effective saturation indice¢Sr) are calculated fronsolubility and ion activity
products using ed.(3.10), which indicates whether &olid phase is likely to

precipitate from an agueous solution at equilibrium

a|AR

1
¥ =—log 3.10
n 10 %Cg N (3.10

Sl

wherelAP; andKs,  refer tothe dissolution reaction defined for solidndn; is the
total number of species in tH& dissolutionreaction. These calculations define
effective supersaturationSf* > 0, precipitation), saturationSf* = 0) and
undersaturationS}* < 0, dissolution) statesith respect to solid at equilibrium.At
equilibrium, solid phases may form from supersatieol or saturated aqueous

solutions but not from undersaturated aqueous solutions.
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Cross-Linked Substituted Tobermorite
Model (CSTM)

This chapter is based on the paper 6Gene
Sodium Aluminosilicate Hydrate Gels: The Crdssked Substituted Tobermorite

Model 6, p Labdmuir2018 &9, 52945306. AAS cement samples were

prepared by Susan Bernal and Rackel San Nicolas. The SElMAS measurements

were carried out by Rackel San Nicolas with assistance from Roger Curtain (Bio21
Institute, University of Melbourne). THEAl and >°Si MAS NMR experiments were

performed by Susan A. Bernal with assixe from John Gehman (Bio21 Institute,

School of Chemistry, University of Melbourne).

4.1 Introduction

While the Substituted General ModebGM) developed byRichardson and Groves
(1993 (section 2.1.%providesgood descriptiosof the nancstructure and chemical
composition of E&N-)A-S-H in alkali hydroxideactivated slag cements and PC
based material§Richardson, 20Q4Taylor et al., 201)) and some sodium silicate
activated slag cementse Saodt et al., 20)lrecent experimental resulisr sodium
silicateactivated slag cementshave suppodd alternative C-(N-)A-S-H
nanatructurs not described by that structural model. The SGM repre<e(it-)A-
S-H as a mixture of nowrosslinked tobermoritd i ke nanostructures
sol ut i opoddmpCrerit @ the model is deactivaf@®ichardson, 2004 which
corresponds to the chemical composition efNz)A-S-H in cementitious materials
with bulk Ca/SiO1.5, such as alkakictivated cements.

69
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Evidence supporting alternative(-)A-S-H nanostructures in Ca/Si compositions
QL.5 is found inhigh resolutiorf®Si MAS NMR results obodiumsilicate-activated
slagcemens (Bernal et al., 2013@Brough and Atkinson, 20Q2Puertas et al., 20),1
sodium carbonatactivated slag cement§-ernandezJiménez et al., 2003 and
laboratorysynthesised &\-S-H products(Pardal et al., 20)2where the formation
of crosslinked Si sites (& andor Q*1Al)) has beenidentified Q° type silica
bonding environments can only be explained in tobermbkiestructural models by
crosslinking between bridging sites in the silicate chaig (s displayed ifrigure
2.5 for crosslinking in the c direction). Theaefore, the small but no-zero
concentration of @ units found in C-(N-)A-S-H supports the description ofish

phaseas a mixture of crosénked and norcrosslinked tobermoritelike structures

It was also shown b®h et al. (201pthatthe model structure of tobermorite
could only describeghe mechanical properties of&H(l) in the a-b plare (parallel
to the CaO sheets)the response to compression in théirection (perpendicular to
the CaO sheed) was significantly different. Thisesult indicates thathe species
present in thénterlayer spacing between the silicateins of 14 tobermorite and
C-S-H(l) are significantlydifferent, meaning that alternative (®-)A-S-H structural
models to those based onAltbbermoritelike nanostructures are needed to describe
the observed mechanical propertidsstructural modelhat can describ€-(N-)A-S-
H using a flexible definition ofanostructure and chemical compositiaould
enable a greater understanding of the mechanical beinafiomodern cemerbased
materials Therefore, ti is both appropriateand necessary conceptuate and model
C-(N-)A-S-H nanostructuresn an alternative way, genemfig from the SGM of
Richardson and Groves (1993b

The aim of this investigation is to derive a structural model formulated in terms of
9A, 11A and 14 tobermoritelike structures and developrigorous analytical
methodsusing this modefor the calctlation of structural and chemical parameters
such asCa/Si, Al/Si andnean chain lengtiMCL). The structural model is validated
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by comparison with experimentSEM-EDS, and’’Al and 2°Si MAS NMR data for
an NaSiOs-activated slag cement cured for 7, 28 &6 days

4.2 Derivation of a Generalised Structural M odel for
C-(N-)A-SH

4.2.2 Non-Cross-Linked Tobermorite -Like Structural Model

The structural model for necrosslinked tobermoritdike C-(N-)A-S-H is derived
from eq.(22) (section 2.4) butrewritten in terms of sublattice sites. This is shown
in eq.(4.1) by limiting substitution in the chain structures to bridging sites, and
selection of Al as the tetrahedrally coordinated trivalent cat®nafd Na as the

chargebalancing interlayer catiofh):

. . & & 5 9
! , _ 4.1
g(c ) Lg( casiQ,), g%n_a) A9 Ny )éﬁ%;g 8 gm“ 1

wherea is the extent of substitution in bridging sites; 1n (0 O )athe @atiolof
chains to dreierketten units (a measure of chain site vacancies)y andn, the
amount of hydroxyl water (or equivalently the number of protons) per dreierketten

unit. All other symbols have the same definitionpremvided for eq.(2.2).

9A tobermorite consists of nesrosslinked silicate chains, which means that its
structure can be represented according to the same formulation (eB$(2421))
used to describe Btobermorite in the SGMRichardson et al., 1994The extent

of protonation () is specified to maintain charge balance in eq.(4.1). Further
derivation of the notrosslinked structural model replaces tbheparameter with a
measure of the concentration of Ca cations in the interlayer regiovith G = 1 -

w2 (00 O1). This is more consistent with the important role that the interlayer Ca

content has on the way that the layer spacing of tobermorite minerals change as a
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function of temperatur€Merlino et al., 200D It must also be noted that this
Ssubstitution is possible becausejteober morite
u +y = 2 (Richardson, 2004Richardson and Groves, 1993bhusu is not an

independent parameter in eq.(4.1) for tobermdilte structures. This relationship (

+y=2) is also now specified for consistency with tobermailie structures.

The MCL and Al/Si relationships are the same fo(NZ)A-S-H with noncross
linked A or 14A tobermoritelike nanostructures (egs.(2245). Eq.(4.1) is
reformulated with these changes and also written in terms of one dreierketten unit,

leading to eqs.(4-3.3):
gcasiq.), §asio AQgNa g {Cam,) fmi @2

2+/
(NG 2+(1 7)(1 a)

(Ca/ Si) (4.3)

where NC] denotes noftrosslinked G(N-)A-S-H. The Ca/(Si+Al) ratio is then:

_ 24

(4.4)

Eq.(4.2) reduces to the chemical formula for4sabstituted infinite chain lengthA9
tobermorite, CgbisO16(OH), (Merlino et al., 2000 whend, a, 3 and HO/Si are 0.5,
0, 0, and O respectively. The formula for reubstituted infinite chain length A4
tobermorite, CeBisO16(OH),TH,O (Bonaccorsi et al., 2005is similarly recovered
from eq.(4.2) whei, a, 3 and HO/Si are 0.5, 0, 0, and 7/6 respectively.

The parameters anda can be determined from egs.(4L%) using the relationships

for the Al/Si ratio and MCL of nowrosslinked tobermorite (egs.(22.5)):
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n - S (4.5)
MCL, +1
s [2+(1-n)]2 Al /Si}g 4.6)

(1-71)3 &(AI / Si) g +1

4.2.1 CrossLinked Tobermorite -Like Structural Model

The derivation of a crodmked tobernarite-like structural model begins by defining
a crosdinked tobermorite unit (including 2 bridging and 4 paired aluminosilicate
tetrahedra), as shown for anomalous and normAltakermoritein Figure 2.3. This
structural model excludesl-O-Al bonding n bridging sites for consistency with the
Al-avoidance principle ofoewenstein (1954 andleads to the relationships shown
in eq.(4.74.8) for the Al/Si ratio and MCL of crodmked G(N-)A-S-H. These
relationships can be solved directly usifi§i MAS NMR spectral deconvolution

results.

4(Q+Q «Q(1A) @ 2€°(1A))

MCLy, = .
Lo 9

A4.7)

N Q*(1Al)
(Al/si), SO0 O(A) @ (1A (4.8)

where [C] denotes crosknked G(N-)A-S-H.

The Ca content of crodmked tobermoritdike C-(N-)A-S-H is defined in the

structural model by grouping the crdasked bridging tetrahedra together to form a
6combined bridging sited (Fi gu-bbalanci2g. 3) an
speciesl(in eq.(2.2)). The chemical formula for a créissked G(N-)A-S-H, shown
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in terms of one crodinked tobermorite unitcan be expressed according to eq.(4.9)

(equivalent to eq.(4.2) for the namosslinked case):

%(Ca(OH)Z)éw# jug( CasiQ,) 8

Yesia. g5 AL D g )l cat )" Smn

1

4.9

wherea is the fraction of Al substitution in crodisked G(N-)A-S-H gel,t= 1/ +
1) is the fraction of combined bridging site vacancies per dngssd tobermorite
unit, G is the number of crodmked tobermoriteunits per G(N-)A-S-H chain,¥ = 1
- w2 (00¥ O1 +1) is the interlayer Ca content per crdistked tobermorite unit,

and all other parameters have the same definitions as in egs.(4.1).
Eq.(4.9) is now rewritten using+y =2 for consistency with tobermordée

structures, leading to eq.(4.10) as a chdrganced formula in terms of one
dreierketten unit:

geasia)) g

o e s Ara) + g (4.10)
desia gShg A Qg ) gl catti, ) G ome
Giving:
_ 4+w
(Ca/ si), “Hl9E 3 (4.11)
4+w
Ca/(Al+S) = (412

2(3- d)
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Eq.(4.10) reduces to thehemical formula for nossubstituted infinite chain length
normal 1 tobermorite, CasSisO16(OH)BH,O (Merlino et al., 200}, wheny, U U
and HO/Si are 0.5, 0, Oand 5/6 respectivelyThe formula for norsubstituted
infinite chain length anomalous Altobermorite, C#BigO15(0H),3H,O (Merlino et
al., 201), is similarly obtained from eq.(4.10) when U, & and HO/Si are 0, 0, 0,

and 5/6 respectively.

While nonsubstituted normal 3 tobermorite was identified bierlino et al.
(200)) to contain 0.25 interlayer Ca atoms per dreierketten unit, it is reasonable to
suggest that the interlayer Ca content is -oonstant in &N-)A-S-H. The U
parameter has therefore been left variable i(4elp). The parametefsand U can

then be determined from eqgs.(44.34) using the relationships for the Al/Si ratio
and MCL for crosdinked G(N-)A-S-H (egs.(4.74.8)):

6

=— (413
MCLy, +2

o= A Shg? [4+2(10)

414
&AI/ S, +1 B(1-0) (419

These formulae, eqs.(284, 4.24.14), are suitable for structural modelling of
mixed crosdinked/noncrosslinked G(N-)A-S-H, and can be solved using
structural parameters obtained frét8i MAS NMR spectral deconvolutions, as will

be demonstrated in detail in section 4.3.
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423 &rossLi nked Substituted Tobermorite Model 6

It is reasonable to expect that(8-)A-S-H in AAS cements can be represented as a

mixture of 14, 11A and R tobermoritelike components, as discussed in sections

2.13 and 4.1(Bernal et al., 2013Brough and Atkinson, 200Femandezliménez

et al., 20030h et al., 2012Pardal et al., 203 Puertas et al., 2011Here a simple

and flexible struct ur aihkedSabdteuteddbesmopte o p o s e d,
Model 6 (CSTM) , which can be used t-o0 det er mi
crosslinked and crosdéinked tobermoritdike components, and the chemical
compositions and MCL of a particular(®-)A-S-H gel. The CSTM only allows for

Al substtution in bridging sitegRichardson et al., 1993and does not include AD-

Al bonding (Loewenstein, 1994 single tetrahedron vacancies in the combined

bridging site, or incorporation of & or QY1Al) species into GN-)A-S-H

(Richardson et al., 1993

Single vacancies in the combined bridging site are not allowed in the CSTM to
circumvent an explicit description of the twoordinated bridging Si (&) sites, and

is possible because the alumitioate chains in §N-)A-S-H can be represented as

a mixture of norcrosslinked and cros$inked structures. This is illustrated in Figure
4.1, which shows that a realistic section 6f{NG)A-S-H with crosslinked structure
containing a single bridgingts vacancy is conceptually equivalent to a mixture of
noncrosslinked and cros$éinked tobermoritdike components in the CSTM

formulation.

Cross-linked C-(N-)A-S-H with a single
bridging site vacancy;

MCL =13 -..‘A B &

Ve < v

single bridging site vacancy

Figure 4.1. An illustration of how the CSTM represents single bridging site
vacancies in €N-)A-S-H.

Cross-linked C-(N-)A-S-H;
MCL =10 Non-cross-linked
C-(N-)A-S-H;
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The CSTMis derived using the following structural constraints: i) there are twice as
many (G+Q*(1Al)) silicate species as there are*#Q°(1Al)+Al[4]) silicate species

in crosslinked tobermorite; ii) the fraction of Al substitution intd® @pe sites is
equivaknt to the ratio of €f1Al) to @ sites in crosdinked tobermorite, because Al

is only substituted into bridging sites; and iii) the substitution of one Al[4] species
into crosslinked tobermorite introduces one*(@Al) and two G(1Al) Si species.

These asumptions and structural constraints are shown in Figure 4.2.

(1XQ3(1Al) + 2xQ° + 1xAI™) and (2xQ2(1Al) + 6xQ7)

Al substitution only in bridging sites

No single bridging site vacancies
Q*(1AN(Q® + Q%(1A1)) = 1/3 = Q°(1AIQ° No Al-O-Al bonding and no Q'(1Al)
Figure 4.2. An illustration of the structural constraints and assumptions included in
the CSTM

These structural constraints lead to eqs.4.15):

2(Q+Q (1A, Al4) (@ F(1A),) (4.15)

Q*(1A1) _ Q*(1A1) 4
Qi +Q(1A1), Q

(4.16)

All4], =Q° (1AI)[C] (4.17)

where [C] denotes that the coordinated aluminate or silicate species are present in
crosslinked G(N-)A-S-H gel. Egs.(4.181.17) are solved to obtain eq.(4.18):
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Q*(1Al) ., = 2Q°(1Al) (418)

Eq.(4.18) is then used together with eqgs.(4I22) to calculate the MCL and Al/Si
molar rdios for noncrosslinked and cros$éinked G(N-)A-S-H (egs.(4.2%4.26)):

Q= Qi (4.19)

Q° (1A, =Q°(1A1) ... (4.20)
Qi) =M1Q o 4.21)
Qe = Qow Qg (4.22)

where NC] denotes that the silicate species is present incnasslinked G(N-)A-
SHagel,d(0< d1)is a parameter describing the partitioning dfgpecies into
noncrosslinked and croséinked G(N-)A-S-H, adjusted to satisfy the structural
constraints of this phase for the calculateds@bstitution extents (egs.(4.6, 4.14))
and match experimentally observed chemical compositions, @@ i4) déhotes

the connectedness of silteaetrahedran C-(N-)A-S-H. The Al/Si and MCL values

for noncrosslinked and crosdéinked tobermorites can be calculated from egs:(2.4
2.5) and egs.(4-4.8) respectively, leading to egs.(4226), the relationshgthat
describe the total amount of Al and Si present, and average Al/Si and MCL values
for the entire @N-)A-S-H phase:

(A+S)yq Qug (B) TAA) N Gy (4.23)
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(AI+Sh Qg @AA), G 2CUA); G (429

e (Al/si) g Al si) g

e [NC] ﬁAl +S)[Nc] < [.C] (Aluu- Sb[q
S ga+(a/si),,) U (€€ars),) U (4.25)
( I)C-(N JA'S Ho & . & 7

, 1 : . 1 &

e . UAL+Si) o + 78— (AL S) 4

e (arsi, ) 0 ears),) oo

_ MClLyy;MClyg gAI +Si} g +(Al 48) ¢
MCL (Al +S) g MClyg (Al Si) ¢

MCLC (NJ)A s H- (4'26)

Eqs.(4.254.26) are derived from the fractional concentrations of Si and ARin 9
11A and 14 tobermorite chains, i.e. Al/Si = (LSi)/Si. The Ca/Si and Ca/(Al+Si)
ratios are calculated similarly, but vary depending on the level of interlayer Ca and

the extent of protonation of the (@l-)A-S-H chains:

¢ (cal S, ﬁ“' S) §ca si) (AM )
+Sling * [q
1+(Al/Si J 1€ Al/ Si u
(Ca/ Si)c_(N A s = ‘( ( [NC]) ( ‘-( ) ) u (4.27)
e 1 2 e 1 2
? R ~ I+Si)[NC] + 4e— (AH Sb[c]
o+ (Al S')[Nq)aﬁA @e€ars),) U

3 (Ca/ Shug ?I+SD[NC] j—[q (AIU+SD[C]
gu+(Ar/si),,) U (8¢ arsi,), 429
(Al+ S + (A +Si)q

Ca/(A|+Si)C—(N JAS H—

where (Ca/Sjjq is given by eq.(4.3) and (Ca/fgj)can be calculated from eq.(4.11).
Eqgs.(4.274.28) give the overall Ca/Si and Al/Si ratios for th€NC)A-S-H phase as
calculated by the structural model. The CSTM also describes the more general case

where the chemical compositions can be specified separatelyAfoar®malous
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11A, normal 1R and 14 tobermorites, but the corresponding Ca/Si and Ca/(Al+Si)
relationships are considerably more complicated than eqs448Y(Myers et al.,
2013.

The following sections of thehaptempresent the application of the CSTM to a series
of NaSiOs-activated slag cements, as well as a discussion of the implications of the

model results.

4.3 Application of the CSTM

4.3.1 Characterisation of an Alkali-Activated Slag (AAS) Cement

A complete description of the experimendaitails for thisinvestigationis given in
Chapter 3 Figures 4.34.4 show theSEM-EDS resuls, and the’*Si MAS NMR
spectraand associated deconvolution resate shown inFigure4.5 and Table 4.1
respectively The ?’Al MAS NMR spectra are shown in Figurd.6 with

corresponding spectral deconvolutions presented in Bable

Thesolid binderchemicalcomposition data in Figuset.3-4.4 show that GN-)A-S

H coexistswith at least one additional solid phase. Hydrotalcite has been identified
through XRD in NaSiOs-activated slagcemens produed using similar raw
materials to those usdtere(Bernal et al., 2013¢ consistent with Figuse4.3-4.4.
However, the existence of additior@h Al and/orSi-containingsolid phases cannot

be discounted purely on the basis of a good correlation betiinenbserved
chemistry of the AAScementand a mixture of €N-)A-S-H and hydrotalcite as
phasessuch ashydrogarnet and AFnare sometimes observalily XRD in aged
AAS cementgBernal et al., 20139a
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Figure 4.3. Molar ratios dhe solid binder in th8la,SiOs-activated slag cement
measured through SEMDS, as a function of curing tim&ines in the figures
plotting Mg/Si vs Al/Si are provided as eye guides only.

The Al/Si molar ratio®f the C-(N-)A-S-H gel, which can be viewed as the trendline

x-axis intercepts in Figure .8 for the AAS cemens$ studied herebecause the

amounts of Mgfree secondary products are low (2% of the total Al intensity for each

sample) are in the range D9 O Al/Si O 0.26; Ca/Si molar ratios vary from

approximately B OCa/SiO1.2 with the exceptio of the 7 day sample where Ca/Si

ratios up to 1.4 are observdthe trendlines drawn in Figure 4.3 do not preclude very
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low levels of MgCa substitution in the {N-)A-S-H gel. These measured chemical
compositions correlate well witkxistingAAS studieswhere chemical compositions

of 0.20 < Al/Si < 0.25 and 0.8 < Ca/Si < 1.2 are consistently reported for AAS
cemens produced from GBFS with moderaié (12-14 wt.%) andVig (7-9 wt.%)
content (Ben Haha et al., 2011&88en Haha et al.,, 20112012 Brough and
Atkinson, 2002 Pardal et al., 20QRichardson et al., 1994Vang and Scrivener,
1995.

Sio,
m 7days 120
A 28 days 0.9 _ 01
¢ 56days 08 d 02

0.7 * ¢ 03
06 A , 04
C-(N)-A-S-H
05 ¢ 05

/ONA N composition
katoi?e (y=2) ) O stratlingite
(CasAl,(Si ggl{qfﬂ}s:' [Ca;Al{OH);"]-[AISi{OH)5]-H,0 08
v hvdflogéarnet o
01 + = olid-solution ) Y ;09
AFm series

/[ (CasAlLy{Si0.)s,{OH)uy; 1.58y<3)
2[Ca,Al(OH);']-X*~zH,0 S AN NS NS N/
0 = o \‘

Y. Y. Y. Y. v Y,

y P
Cao 1 09 08 07 06 05 04 03 02 01 o Al,Os

hydrotalcite solid-solution
[Mg1.xAL{OH);"']-[(OH(COs)o.5:)]- YH, 0;
0.55Y<0.6

Figure4.4. Projectionof AAS chemistry onto the ternary Ce&O,-Al ;03 system,
showing elemental compositionstbe NaSiOs-activated slagementsneasured by
SEM-EDS at different times of curing, along with the compositions of some model
phases. The averagelid binder chemicatomposition is marked, assuming
congruenslagdissolution, complete incorporation of the silica supplied by the
activator into thesolid binder, and without distinction between product phases
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Figure4.5. °Si MAS NMR spectrg14.1 T,ng = 10 kHz)of the NaSiOs-activated
slag cement and the anhydrous skgas a function oturing time;and
deconvoluted spedctior theB) 7 days, C) 28 days and B$ day cured sampe
with Q"(mAl) sitesshownin D). The dark gey bandrepresents the contribution of
the remnant anhydrous slag

The 2’Al MAS NMR spectrain Figure 4.6corroborate the formation afecondary
phases in addition to-(N-)A-S-H gel in the AAS cement,as there are significant
contributions from sibxcoordinatedAl (Al[6]). The presence of 8] in the interlayer
and structural incorporation of these species intgNGA-S-H has been
hypothesised by some authg®bdolhosseini Qomi et al., 201Zaucon et al.,
1999a Rawal et al., 201,0Stade and Mdiller, 1987but Al[6] is not considered in
the CSTM. In a recent studjrawal et al., 201)Q associations in soligtate 2D
2’Al{*H} HETCOR NMR spectra were only observed for bands of narrow line width
(which were assigned to AFt/AFm type products and TAH) in tHé]Akgion of
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2’Al MAS NMR spectra. From these data, and from the discussion presented by
Andersen et al. (2006 it can be tentatively concluded that not mucH6AI
substitutes for Ca in the interlayer of(8-)A-S-H.

56 days

28 days

7days

slag

,

1 1 I 1

100 80 60 40 20 0 -20
Chemical shift (ppm)

150 100 50 0 -50 -100
Chemical shift (ppm)

Figure4.6. >’Al MAS NMR spectra14.1 T,ng = 10 kHz)of theN&SiOs-activated
slagcement and anhydrous slag: as a function oturing time; andleconvoluted
spectafor theB) 7 days, C) 28 days and B% day cured sammewith d' sites
shown in D) In D), the green supeaks are spinning sidebandhe blue traces are
the deconvolwd subpeaksand the red line is the sum of the deconvoluted
components of the spectrum.
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Figure4.6. Continued
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Table4.1. Summary of ®environments identified if°Si MAS NMR spectra of the N&iOs-activated slagementas a function o€uring time
Estimated uncéainty in site percentages is%2 based on the influence of the signal/noise ratio of the spectra on the deconvolution procedures.

Reaction products
Age Unreacted slag_ Q° Q) Qi Q°(1A) Q’ Q’(1A)) Q'(4Al) Q'(3A))
-74 ppm -78 ppm -80 ppm  -83ppm  -86 ppm -89 ppm* -89 ppm? -93 ppm
Unreacted 100 - - - - - - - -
7 days 39 4 14 11 18 11 4 - -
28 days 24 7 18 13 22 12 5 - -
56 days 21 10 18 11 19 13 5 2 1

2 A single peak at89 ppm is used to describe botf(TAl) and J(4Al) components adiscussed in the text

86
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Table 4.2. Summary of Al coordination environments identifiedAh MAS NMR spectra of the N&iOs-activated slag cemeas a function of
curing time. Estimated uncertainty in site percentages is £3%, based on the influence of the signal/noise ratio od the thiged&rconvolution
procedures. HT represents hydrotalcite.

Assignment umé{'i[gt]e'g lag q%(1) RE() q?? Al[5] HT(l) HT(l)  TAH
Isotropic chemical shift, tiso (ppm) ' 65 75 68 62 38 9.68" 9.1 4.6
Co (MHz) and reference 6.7° 1.1° 2.0° 3.0° 4.0° 1.2° 3.55¢ 1.13°
Age

Unreacted 100 - - - - - - -
7 days 44 9 27 3 1 11 3 2
28 days 26 9 32 7 6 8 10 2
56 days 23 9 37 10 5 8 5 2

21t is likely that the g site contains contributions fronf gluminatespeciesbutattempts to resolvehis site into two separate spleakded to an
underconstrained deconvolution process

b values determined through analysis of a pure hydrotalcite sample; S.A. Walling and S.A. Bernal, unpublished data.
¢ (Klinowski, 1989

d(Sideris et al., 2022
®(Andersen et al., 2006

" Isotropicchemical shifts were calculated ngian additionad’Al MAS NMR spectra acquired at 104.2MHsg = 14 kHz for the NaSiOs-
activated slag cement cured for 2 years.

87



88 4. CrossLinked Substituted Tobearite Model (CSTM)

The secondaryproducts containing A[6] are hydrotalcite(Bernal et al., 2013c

Schilling et al., 1994pWang and Scrivener, 19P&8ndTAH (Andersen et al., 2006

The spectraldeconvolutions Table 4.2 also show significant contributions fromi g
Al (where the g notation for Al sitesis equivalent to the Qnotation for Si sites
(Harris et al., 199, suggesting a high degree of crlis&ing. Broad contributions
from ¢f unitsindicae significant local disorder in these sitesAl in C-(N-)A-S-H

can coordinate withiariouspositively-chargedspecies in the interlayer region.

The?*Si MAS NMR spectraRigure 4.5 showsmall but distinct contributions from
Q*(1Al) sites, in addition to & @ and G(1Al) silicate species, indicating gt
levels ofAl substitution in &N-)A-S-H. The band at74 ppm is tentatively assigned
to @ sites, without precluding some intensity in this peak also frd(A}) or Q"
species (due to the various chalgdancing cations present in the system). Thakp
has previously been identified in deconvolutégi MAS NMR spectra of sodium
silicateactivated slag cemenfke Saodt et al., 20),1but no definitive assignment
for this band has been established to dat#dough the absolute concentrations of
Q*(1Al) sites are low, the structural constraints of ciioseed tobermorite(Figure
4.2 and eqs.(4.13.19) lead to the calculation of highcrosslinked C-(N-)A-S-H,

as will be discussed in detail belovhe**Si MAS NMR spectra also show naero
levels of intensity at chemical shifts of approximate®8 ppm, indicating the
presence of &3Al) units in tke solid binder. This assignment necessitates
contributions from at least one additional fmannected silicate unit (Qype) in the
experimental spectréProvis et &, 20053. Therefore, it is assumed thaf(@Al)
sites are present tf&i MAS NMR spectra, which is consistent witte significant
levels of intensity in the loypm range (552 ppm) for fourcoordinated Al species
asobserved by’Al MAS NMR, statstical thermodynamic model predictio(®rovis

et al., 2005p and experimental NMR datéDuxson et al., 200Q5for Al-rich

metakaolinrbased geopolymers.

Assignment of the peak located at a chemical shif®®fppm to J(3Al) species is

justified because this is the only plausible assignment consistent with a mixed cross
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linked/noncrosslinked tobermoritdike C-(N-)A-S-H gel for the spectral
deconvolution results found in this work. The only possible alteenatilicate
coordination environment that is located at approxima&3yppm and is consistent
with the established nature of AAS cements afeufiits (Engelhardt and Michel,
1987). Hypothetical deconvolution of th&€Si MAS NMR spectra to exclusively
assign the peak a3 ppm to Qunits yields the results shown in Table 4.3.

It is readily obsered in Table 4.3 that the hypothetical spectral deconvolution for the
56 days sample is inconsistent with the structural definition of mixed -cross
linked/noncrosslinked G(N-)A-S-H gels, as described by the structural constraints
of the CSTM (Figure 4.2)This is because there are not enoughujts to account

for the amount of &1Al) and @ units identified in the hypothetical deconvolution
for the 56 days sample, i.e. (@QAN+Q% > Q. Therefore, the only remaining
possibility is to attribute the pé& located at93 ppm to &(3Al) species.

4.3.2 An Additional Aluminosilicate Reaction Product?

The CSTM, when applied to th€Si MAS NMR spectral deconvolution data
presented iTable 4.1 yields the results shown in Tallel.
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Table4.3 Summary of hypothetical @nvironments ir°Si MAS NMR spectra ofhe NaSiOs-activated slag cemeas a function of curing
time, given that the assignment of the peak located at a chemical st§i& ppm corresponds dusively to G units
Reaction products
Age Unreacted slag Q° QY QI Q*(1A) Q° Q’(1A) Q°
-74 ppm -78 ppm -80 ppm -83 ppm -86 ppm -89 ppm -93 ppm

Unreacted 100 - - - - - - -
7 days 39 4 14 11 18 11 4 -
28 days 24 7 18 13 22 12 5 -
56 days 21 10 18 11 19 13 7 1
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Table 4.4 The calculated output of the CSTM from #i8i MAS NMR spectral deconvonlution results in Table 4.1. A constant interlayer Ca
content ofti =7 = 0.25 and maximum partitioning of'@ites into the crosnked G(N-)A-S-H component (i.e. maximising) is specified.

Curing time Component Q! Q%(1Al) Q° Q%(1Al) MCL Al/Si Ca/Si Cal/(Al+Si)
nom 0.098 0.1 0.033 0 58 022 11 0.88
7 days crosslinked
crosslinked 0.15 0.074 0.074 0.037 10 0.11 0.94 0.85
non
28 days crosslinked 0.085 0.11 0.016 0 6.2 0.26 1.1 0.87
crosslinked 0.22 0.11 0.11 0.054 10 0.11 0.94 0.85
non
56 days crosslinked 0.092 0.086 0.035 0 5.6 0.2 1.1 0.88
crosslinked 0.2 0.099 0.099 0.049 10 0.11 0.94 0.85
Bulk C-(N-)A-S-H gel properties
Curing time d MCL Al/Si Ca/Si Cal/(Al+Si)
7 days 0.6 7.6 0.15 1 0.86
28 days 0.72 8.3 0.16 0.99 0.86
56 days 0.68 7.9 0.14 0.98 0.86
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The calculated admical compositions of the-IN-)A-S-H gel (Table4.4) agree well
with the chemistry of laboratorgynthessed G(N-)A-S-H products, where the molar
Al/Si ratio of phasgyure C-(N-)A-S-H has generally been found to be less than or
equal to 0.20 forelevantCafAl+Si) molar ratios in AAScemens (0.7 OCa/(Al+Si)
01.3)(Faucon et al., 1999®ardal et al., 201 Pardal et al., 200Bun et al., 2006
The formation of sttlingite (an AFm phase) is typically observeddNAS cementsf

the Al/Si molar ratio is higer than this(Sun et al., 2006 This must then be
contrased with the results presented in Tabled, which show that the CSTM can
reproduce the experimentally observed Ca/Si ratios, but does not agree with the Al/Si
molar ratos for theMg-free G(N-)A-S-H gelsand theexperimentaAAS cementsas
identified by SEMEDS (Figure4.3). In all cases th&l content of the @N-)A-S-H
gelis significantly underestimatdaly the assumption that all of the tetrahedral Al is

contained wthin tobermoritetype phases

This disagreement is also corroborated by the averagmicalcompositions of the
solid binderscalculatedusing the experimentally determin&BFS reactionextents

in these samples (as determined from 4% MAS NMR spectral deconvolutions
Table 4.1), of overall Al/Si molar ratios 00.396 0.413 and 0.415for the solid
bindesin the 7, 28 and 56 day samples respectifieigure 4.4). These calculations
are performedisingthe elemental compdions of the mix formiations assuming
congruentslag dissolution and full incorporation of the silica supplied by the
activator into the binder, but withouwlistinction between Al in N-)A-S-H or

secondary phases.

However, secondary phases are evident irf tAeMAS NMR spectra (Figures.6),
which show tha#l present in secondary products correspond$0%o of the total
Al in theAAS cementsThe?’Al MAS NMR spectral deconvolutions also show that
hydrotalcite is always the dominant secondary phase in these systemmsutiog
GB7% of the A[6] present in the samples (Takle?). Hydrotalcite can therefore be
expected to account for up 1@-24% of theAl in the solid binder (i.e. excluding

contributions from remnant GBFS patrticle§)sing this information to correché



4. CrossLinked Substituted Tobearite Model (CSTM) 93

Al/Si molar ratiospredicted by the CSTNb account for the presence of hydrotalcite

gives Al/Si molar ratios of 02 0.21 and0.18 for the sum of the-QN-)A-S-H and
hydrotalcite components of theolid binderafter 7, 28 and 56 days respectively.
Incorporation of fivecoordinatedAl (Al[5]) andAl in the TAH phasdassuming that

the TAH phase is ndsi-b ear i ng) , w h 8% df total Al éntemsityrfoo r (O
each sample), auld give a slight further increase in the calculated Al/Si molar
ratiog butthe variable or unknown chemistry of each of these phases prevents their

use in direct calculations at this time

In any caseit is unlikely thatinclusion ofthese phases the calculationsvould be
sufficient to increase the Al/Si molar ratio of tkelid binder, compared tothe
predictons based ortombinatiors of C-(N-)A-S-H and hydrotalcite phases, to a
large enough extent to reconcile the difference between the avehageical
composition of thesolid binder as determined by SEEDS and the caldated
chemical compositionfrom the CSTM (Figure4.3 and Table 4)4 Possible
explanations for thigliscrepancygiven that recent developments in the literature
strongly support the presence of crisked G(N-)A-S-H gelsin AAS cements
(Bernal et al., 2013dBrough and Atkinson, 20Q0Fernandezliménez et al., 2003
Puertas et al., 20}, linclude:
) significant, noazero amounts of foucoordinatedAl (Al[4]) species
substituting into paired sites in@l-)A-S-H gel;
ii.) the interlayer region containing significant amountslgfor
iii.)  the presence of afl-rich gel that is more crodmked than G(N-)A-S-
H, but is poorly ordered and is present in sufficiently low quantities so as
to be not redily identifiable throughXRD, SEM-EDS, /Al MAS NMR
or 2°Si MAS NMR experiments.

The possibility that A¥] can substitute into paired sites in(MN-)A-S-H has been
previously explored in the literatutdanzano et al.,, 2008egado et al., 20)4
inclusion ofthese species in the CSTibuld lead to an increase in the calculated

Al/Si molar ratio of the @N-)A-S-H gel because crodiked structures that include
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Al substitution in paired sites can accommodate nhigher concentrationsf Al.
However, he presence of M] in paired sites is believed to bongly disfavored in
C-(N-)A-S-H chains(Pegado et al., 2014Richardson et al., 1993Using atomistic
simulations,Manzano et al. (200&oncluded that A#] subsitution in paired sites

in C-(N-)A-S-H was possible, depending on the Al contenthi§ phasgbut only
reaching significant concentrations at Al contents notably higher than those which
are generally laserved in @N-)A-S-H in experimental studies. Other atiig
simulations ofAl subditution into silicate chains have identified a thermodynamic
preference for the bridging site over the paired site in isolated pentameric chains
(Manzano et al., 2009bin pentameric chains confined thin an environment
representative of %4 tobermorite(Abdolhosseini Qomi et al., 20},2and in a single
sheet (on the-b plane, i.e. one C® layer) of tobermorit€Pegado et al., 2014
indicating that it is unlikely thafl in paired siteswill be a major contributor to the
chemistry of AAScements Substitution ofa small amount of Ainto a fraction of

the paired sites cannot bentirely discounted, but it is unlikely that these species
could solely account for the significant differences between calculated and

experimental Al/Si ratios found here.

The possibility that Aktanact as a chargealancing species in the interlayegion

of C-(N-)A-S-H has been discussed in the literati#edersen et al., 200&aucon et
al., 1999aSun et al., 2006 but is notincludedin the CSTM InterlayerAl has been
hypothessed to existas A[5] (Andersen et al 2006 Sun et al., 2006because A#]

is anionic and thus cannot act as a chdi@eancer for anionic chain sites.[8] has
been proposed to be present in the interlgpdrdolhosseini Qomi et al., 2012
Rawal et al., 2010but is not considered in the CSTM, as discussed abdwe. T
potential contributionsof these specieto the chemical composition of thesolid
binder canthus be determined from th&Al MAS NMR spectral deconvolutions
particularly in the Al5] region of the spectradowever it is evident that inclusion of
interlayer Al species will not resolve the sifjpant discrepancies between the
modéled and experimentally measureldemicalcompositions of the AASement,

as this difference is founded in thg#lconcentrations alone
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Having eliminated the other possible-édntaining phases from consideratianis
therefore proposed that an additiondl-containing activation productust be
present. This phase must be leagge disordered, and probably has a characteristic
size on the order of nanometeso as to not be observalbg SEM-EDS or XRD.

This praluct is also not readily detectable®l or ?°Si MAS NMR spectra, most
likely due to its presence at a low concentration with peaks overlapping those
assignedo the established siliGatand aluminate species iR(8-)A-S-H. The most

likely answer is tht somepart of the intensity in th&’Si band at -89 ppm and93

ppm is actually representing ‘@Al) or Q*(3Al) silicate species in this additional
phase, and that a fraction of tHal peak assigned to thé gluminate species is also
related to this product. An obvious candidate for such an assignment would be a
disordered nanoparticulate zeolitiee product with Si/Al ratio close to 1, similar to

the conceptual structural model which has been proposece®rfgmed through
alkali-activation of lowCaaluminosilicate precursof®rovis et al., 2009bSuch an
assignment would be consistent with the fact that crystalline zeolites are sometimes
observed in AASementsparticularly in systems where there is insufficient Mg to
form hydrotalcite(Bernal et al., 2011bralling and Krivenko, 1997 This strongly
supports the inclusion of {BAI) and G(4Al) species in the deconvolution results

for the 56 days sample (Table 4.1).

However, the assignment of some of @%1Al) (or @) intensity in the?*Si MAS
NMR spectra to a phase other thaf{NG)A-S-H would indicate that crodmking
between aluminosilicate chains in theg(lT-)A-S-H gel may occur to a lower extent
than would be predicted based on complete assignmerit @FQAI) and d silicate
and aluminate species tois phaseThis is actually to some extent consistent with
the observations of low or zeomncentrations of® and J(1Al) silicate species in
some hydroxideactivated slag cements(Richardson et al.,, 1993 because the
chemistry of thee cenentscan be well explained by existing rorosslinked
tobermorite structural model¢Richardson ath Groves, 1993b Contributions
assigned to 3 Q® and Q(1Al) species are typically observed’il MAS NMR and
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295 MAS NMR spectra of AAS cemesiactivated by alkali silicate solutiofBernal

et al., 2013cBrough and Atkinson, 20Q0Fernandezliménez et al., 20QPuertas et
al., 2012, but nonzero intensities for silicate and aluminate species in dnassd
sites have also been observed irotalorysynthessed and hydroxid@activated slag
pastegPalacios and Puertas, 20@&rdal et al., 203 Renaudin et al., 2009&un et

al., 200§. The increasedtensityof the bands in the regions traditionally assigned to
crosslinked G(N-)A-S-H suggest that this additional -Ach, potentially zeolitdike

phase will be more prevalent in silicatetivated AAScemens.

Therefore, the application of the CSTMttee analysis oexperimental NMR data
does provida strongndication of the presence of an-Ath phase distinct from the
C-(N-)A-S-H gel in silicateactivated slagcemens, because the structure abss
linked tobermoritelike chains is unable to accommodate as much Al as is supplied
by the slag precursor in this system. This means that the model predictions of the
degree of crosbnking between chains in AAS should be viewed as an upper bound,
rather than aan exact value. However, it is clear that a mixture of elioked and
noncrosslinked tobermoritdike structures provides a more readily geneeal
view of C-(N-)A-S-H chemistrythan the previous models based solely on the non
crosslinked silicate bain structure. This is likely to be useful in applicatiosdme
blendedPC-based materialg1 addition to the alkalactivated slagcementsystems

discussed here.

4.4 Conclusions

This chapterhas presented a genesati structuralmodel for tobermoré-like C-(N-

)A-S-H, incorporating the possibilitgf crosslinking between tobermorite chains to

better describe the chemistry loigh-Al cements The model Chioss named th
linked Substituted Tobermorite Model 0, CSTM. T
CSTMar e consi stent wi t{D-Alavorlaneepasdesciudtldo s r ul e of

substitution into paired tetrahedra. The partitioning of Al s#oondaryphases such
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as hydrotalcite is considered through the us&alf MAS NMR spectra to identify

the concetrations of Al in different coordination states.

The CSTM differs fromprevious structural models for the -ON-)A-S-H phase,
which areprimarily based on nowrosslinked tobermoritdike structuresand sois
more consistent with recent developments ndigg the density andanctructure of
C-(N-)A-S-H in AAS cementsThe CSTMis the first structural modehat enables
mixed noncrosslinked/crosslinked G(N-)A-S-H to bestudied over the full range
of chemical compositions observed in AARemens. The CSTM suppod
aluminosilicate chain crodsking in C-(N-)A-S-H formed in AAS cemens, but
also indicags the presence of an additional-containing activation product in
NaSiOs-activated slaggements Therefore, liis studyprovides a profoundly deeper
and more detailedlescription of sodium silicatactivated slag cement chemistry
when compared with the existing literature tinis area, and is more readily

reconciled with the recent developments in the literature.
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5
Nanostructural Analysis of Na,SiOs-

Activated Slag Cement

This chaper is based on the papérT he Rol e o-finkiglof Alkali- Cr os s
Activated Sl ag Cdaoumal of hé Amepcanbderamsid Sodetyi n
2015,DOI: 10.1111/jace.1336@AS cement samples were preparaad XRD, and

2’Al and *°Si MAS NMR experimentswere performed by Susan A. Bernal. Tl

MAS NMR data for the pure hydrotalcite sample were obtained by Sam A. Walling

and Susan A. Bern@University of Sheffield).

5.1 Introduction

AAS cemens$ areparticularlyrelevantsystems for studying the chemistry ©f(N-

)JA-S-H because they are produced by the reaction between an alkali source and
GBFS, which is one of the most common replacement matersgdin modern
cements. These materials halsobeenstudiedfor over half a centurgJuenger et

al., 2011 Provis and Bernal, 201#urdon, 1940Roy, 1999 with a view towardhe
production of concretes with high mechanical fpenance, low life cycle C®
emissions relative to PC, and good durabi{Bgrnal and Provis, 2014uenger et

al., 201). Understanding the durabilityf anodern concretes remains the primary
scientific challenge in the development of this technology, because durability is
closely related to the chemistry and the pore network geometry of the binding phase
in these system@rovis et al., 2012 Therefore, elucidation of the chemistry of the
cement binder, anoh particular the &N-)A-S-H gel which is the key spad#ling

and strengtigiving component, is essential. Work in this area has been ongoing for
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more than two decade@Richardson and Groves, 1992Roy, 1999, but the
chemistry and structal detailsof the binding phasein these systemare not yet

fully understood.

Various studies applying®’Si MAS NMR and?’Al MAS NMR spectroscopy to
silicateactivated slagemens have been publish€éBonk et al., 2003Puertas et al.,
2011 Wang and Scrivene003, but where deconvolution of the spectra has been
undertaken, the contribution of unreacted slag is not always distinguished and
quadrupolar lineshapes are not always used in deconvoluticialdfIAS NMR
spectra, whiclgreatlyaffects the daulated contributions of the different identifiable

site environments.

Therefore, tis study presentS'Si and®*’Al MAS NMR analysis of a sodium silicate
activated slagcementas a function of the time of curing, tdarify the complex
relationship thaexists between the chemical composition and nanostructure of C
(N-)A-S-H, and the solid phase assemblage in these maitefiaés spectra are
deconvoluted with consideration @mnantunreacted slaparticles and quadrupolar
coupling effects enabling quatification of the chemistry of thereaction products
with secondary phases identified by XR&pplication of a model that represents C
(N-)A-S-H as a mixture of nowrosslinked/crosslinked tobermoritdike structures
(Myers et al., 2018to the *°Si MAS NMR deconvolution resultprovides

information regarding the structure and chemical composition of this.phase

5.2 Experimental

The AAS sample stlied was synthesised in sealed bags at 23°C using3i®da
activator at a dose of 8 g p&iOs/100g slag and a w/b = 0.40. Tests were conducted

at room temperature on the unreacted GBFS and on the AAS paste at 1, 3 7, 28, 56,
90 and 180 days using XRD, affd\l and ?°Si MAS NMR. A complete description

of the experimentaletails for thisnvestigationis given inChapter 3
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5.3 Results andDiscussion

5.3.1 X-ray Diffraction

The XRD resultsare presented iRigure 5.1 Thee is a small quantity cikermanite
(CaMgSi,O;, PDF#H0-0350592)in the remnant sla@Bernal et al., 2013c Peaks
correponding toa poorly crystalline tobermoritekke C-S-H type gelare observed
(similar to Cas(SisO16)(OH,), PDF#1-089-6458), cmsistent with the literature for
sodium silicateactivated slagemens (Bernal et al., 2013d-ernandezliménez and
Puertas, 20Q3Vang and Scrivener, 19p531ydrotalcite (MgAl 2(COs)(OH)s4H,0,
PDF#0-041-1428) is also identified as a reaction product, which is camistith
other studieof AAS with significant magnesium conte(Ben Haha et al., 2011b
Bernal et al.,, 2013cBernal et al., 2014bFernandezdiménez et al., 2003
Richardson et al., 199%Vang and Scrivener, 1995The increasé intensity of the
main hydrotalcitepeak (11.4 2d) with increasing time of curing, argimilarly the
peakof the GS-H type gelat 29.5 2d, are consistent with the activation reaction

continuing with age.

Vv Ak - Akermanite Cs - C-S-H HT - hydrotalcite
C - calcite V - vaterite T - thermonatrite

HT c

CTT &5 v 180 days

56 days
45 days

28 days

7 days

3 days

1 day

5 15 25 35 45 55 65
20 (degrees)
Figure5.1. Cu Ka diffractograms of thé&aSiOs-activated slag cement as a function
of curing time.
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Minor traces of calcitdPDF#1-083-0577) and vateritg PDF#1-074-1867) along
with thermonatrite (NgCOs-H,O, PDR#01-072-0578, are associated with slight

atmospheric carbonation of the specimens dwsamgple preparatioand analysis.

532 2%SiMAS NMR

The ?°Si MAS NMR spectrumof the unreacted slag (Figure 5. in good

agreement with results for a melilitgpe glasgKirkpatrick, 198§, consistent with
the identification of akermanite RD in the slag used in this study. Thetigation

of the slagprecursor results in the formation af leastthree intense bands &80

ppm, -83 ppm and-86 ppm in the’*Si MAS NMR spectra (Figure 5.2which are
assigned to & Q*1Al) and @ sites respectivelyn C-(N-)A-S-H (Bernal et al.,
2013¢ Brough and Atkinson, 20QRichardson et al., 199%chneider et al., 2001
Wang and Scrivener, 20P3

Slag

-50 -60 -70 -80 -90 -100
Chemical shift (ppm)

Figure5.2. °Si MAS NMR spectra of the N&iOs-activated slag cement as a
function of curing time.
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A reduction in the intensityf the band corresponding to the remnant slag is
observed, whiclis attributed to the progress of the activation reactto’ site at-

74 ppm and an additional*®ite at-78 ppm (Figure 5)3 distinct from the site aB0

ppm, were assigned because tireeshapes of the experimental spectra in the less
negative chemical shift region ¢80 ppm) could not all be matched using a single
peak attributed to the remnant slag, or to any two out of the three aforementioned

components, under the deconvolutionstoaints applied here.

SPQ%L -

Fit

>

Fit

Deconvolution Deconvolution

—5;0 —6'0 —7I0 —SIO —9'0 —1b0 —1I10 -5;0 -éO -7‘0 —8T0 ' -9'0 ' —12)0 ' -110
Chemical shift (ppm) Chemical shift (ppm)

Spectrum
Spectrum

>
>

F

Fit

Deconvolution Deconvolution

5 60 70 80 -80 -100 -110 80 40 70 -0 90  -100 -110
Chemical shift (ppm) Chemical shift (ppm)

Figure5.3. Deconvoluted®Si MAS NMR spect (14.1 T,nr = 10 kHz)of N&,SiOs-
activated slag cement cured for A) 1 day, B) 3 days, C) 7 days, D) 28 days, E) 45
days, F) 56 days and @G80 days, with mAl) sites shown irG). The dark grey
band represents the contribution of the remnant slag, which is directly scaled from

the spectrum dtected for the unreacted slag.
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E| Fl

Spectrum Spectrum
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Q%(1Al)

Spectrum

KQ3(1AI) and Q*(4Al)
~ Q*(3Al)
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Figure5.3. Continued

The identification of two nomquivalent @ environments in the binder is consistent

with molecular dynamics studies of nmolated CS-H gels, which identified

significant differences between the shielding behavior (and hence chemical shifts) of

Q' sites chargdalanced by Ca or H" (Figure 5.4 (Rejmak et al., 2012 Charge
balancing byNa' is alsolikely in the systems studied here. There are many possible

combinations of potential chargalarcing species for Esites; these are represented

in the deconvolutions by two Gaussian peaks as this is the smallest number of peaks

which can adequately represent this region of the spectra, while acknowledging that

there are in fact many more chemicallgtinct sites than this within the material. For

the purposes of the analysis, these peaks arfddb@(l) and QJ(ll), where it is
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likely that Q(l) at -78 ppm corresponds generally to sites connected to charge
balancing atomée.g. H, Na) with lessstrong positive charge¢hanthose associated
with Q(I) at-80 ppm (e.g. C). It is also noted that the differences in calculated
chemical shift values for €units as a function of chardmlancing species are much
less pronounce(Rejmak et al., 200)2supporting the assignment of a single site for
structurallysimilar @ species in the deconvolutioriBhe site environments marked

in Figure 5.3 a shown in Figure 5.5.

O-Ca

T represents tetrahedral Si or Al

Si
< \ O-T

N x+
Ca-O I is the interlayer charge-balancing
o-I<* species (e.g. Ca**, H*, Na*, K*)

Figure5.4. lllustration of the variety of chargmlancing species which can bind to a
Q' site in G(N-)A-S-H, leading to multiple peaks in the spectra. The Ca species are
located in the G® sheets.

Al“in a q3 environment Ql(l) Qz non-crosslinked

C-(N)-A-S-H unit
or
; T B

Q

3 crosslinked Al"in a g’ 2-
Q(1Al) C-(N)-A-S-H unit (bridging) Q°(1Al)
environment
Figure5.5. Schematic representation of crdsgked and norcrosslinked chain
structures which represent the gensealistructure of ¢N-)A-S-H. The red and
white tetrahedra are aluminate and silicate species respectively.
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Significant norzero intensityat approiimately-91 ppmbecomes apparent at &86d

180 days of curing (Figure 5.3This signal is assigneih part to Q*3Al) and
Q%4Al) in a disordered aluminosilicate product, tentatively proposed here to
resemble an alkali aluminosilicate (hydrate}4AN5S(-H)) gel, and in part to T1Al)

units in G(N-)A-S-H. In the deconvolutions here, a combined band for
Q*4A1)/Q%*(1Al) and a peak for G3Al) are positioned at89 ppm and-93 ppm
respectivelyconsistent witha recenstructural model and interpretation?88i MAS

NMR results (Myers et al., 2018 without precluding the presence of a small
concentration of &units that could also be present approxinately -93 ppmin

AAS cementqPardal et al., 2032uertas et al201]). These assignments are also
chosen because this is the minimum number of peaks that can satisfactorily fit the

lineshape of the spectirathis chemical shift range.

In Chapter 4(Myers et al., 2013 a generabed model forAl-substituted, alkali
chargebalancedcrosslinked and noscrosslinked tobermoritdike structures the
Crosslinked Sbst i tuted Tobermorite Modapdliedd ( CSTM),
to describeC-(N-)A-S-H in AAS cements It was found that a mixture afross
linked and nosctrosslinked tobermoritdike C-(N-)A-S-H and established secondary
product phases could nfatlly explain the chemistry athe sodiurrsilicate activated
slag binder alonedue to the inherent structural constraintsGafN-)A-S-H gels,
suggesting the presence of an additioAblcontaining activation product. If this
product contains aluminosilicate speccontributing to the intensity of th89 ppm
and-93 ppm bands if°Si MAS NMR spectra, these are most likel§(4Al) and
Q*3Al) units respectivelyand the additional product is probably aANS(-H) gel
with Si/Al O  1(Pr&is et al., 2009aTherefore, the assignment of tk@3 ppm
peak to 3Al) in a NA-S(-H) gel rather than &in C-(N-)A-S-H, is necessary to
satisfy the structural constraints of mixed rwosslinkedfrosslinked tobermorite
like C-(N-)A-S-H gels(Myers et al., 2013

The small band at89 ppm (Figures.3) increases slightly in intensity with curing
time. Thispeakis attributed tacrosslinked G(1Al) silicate sitesn C-(N-)A-S-H, as
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well as J(4Al) in N-A-S(-H) gel, which is again consistent with the structural model
and interpretation o’Si MAS NMR results recently proposed Myers et al. (2018
and with previous studies on sodium silicatdivated and sodium carbonate
activated sdigcemens (Bernal et al., 2013@rough and Atkinson, 200ZFernandez
Jiménez et al., 20Q0®alacios and Puertas, 2006 is necessary here #itributepart

of this bandto Q*(4Al), becausehe inclusion ofQ*(3Al) sites into the?’Si MAS
NMR spectral deconvolution results requires the presence of additiéngip®
units, there is no aluminosilicate gel which consists solely 48@)) sites(Provis et

al., 2005 It was previously showfProvis et al., 2005ahat Akr i ch ( Si / Al
geopolymers contain almost exclusively(8Al) and J(4Al) units. This strongly
supports the inclusion of BAI) and J(4Al) into the °Si MAS NMR spectral
deconvolutions here, and indicates that AA8men$ may contain disorded
nanoparticulatepossiblyzeolitelike, products similar tahe NA-S(-H) gelsformed
through activation of lowcalcium aluminosilicate precursof8ell et al., 2008
Provis et al., 2009b This assignment is also consistent with the observation of
zeolites in some AAScemens after extended curing perioBernd et al., 2011a
Bernal et al., 2013&Provis and Bernal, 20}4The assigned {BAI) and J(4Al)
peaks may alternatively be attributed t§(r@Al)-containing aliminosilicate gels
formed through degradation of-@-)A-S-H during superficial carbonation of the
specimen(Bernal et al., 2013¢ however the XRD results (Figure 5.1) do not show
the systematic increase in carbonation wveitining time needed for full consistency

with this assignment ({imAl) sites are only apparent at 56 and 180 days here).

Quantification of?°Si sites, determined through deconvolution of tA@ MAS

NMR spectraas a function of curing duration, is repattin Table5.1 As much as

54% of the slags seen to haveeacted within the first day of curing, and 77% after

56 days, assuming congruent dissolution of the slag and complete uptake of the silica
supplied by the activator into theolid binder The reation extent of the slag
identified by this method is greater than was determined by SEM image analysis for
slag particles (of unspecified fineness) reaetétt a NaSiOsz-5H,0 activator (~3 g

NaO equivalent/100 g slagt w/b = 0.9 and23°C (Le Sao(t et al., 2031which



108 5. Nanostructural Analysis of N8iOs-Activated Slag Cement
gave hydration degrees of approximately 40% at 1 day and 55% at 5&aayar
or lower extents of reaction have been observed\ff cemens activated at 20°C
using sodium silicate and NaOH solutiogps8 g NaO equivalent/100 g slagBen
Haha et al., 201)aand in watefactivated blendedlagPC materiat (Kocaba et al.,
2012, suggesting that the slag precursor used hemeoi® reactive under alkaline

activation conditiongompared to the slags used in those studies
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Table5.1 Results of deconvolution 61Si MAS NMR spectra of the N&iOs-activated slag pastes as a function of curing time. The estimated
uncertainty in absolute site percentages is + 2%.

Total Reaction products
Age unreacted Q’ Q1) Q(IN Q(1Al) Q° Q’(1A) Q*(4A) Q*(3Al)
slag (%) -74ppm -78 ppm -80ppm -83ppm -86 ppm -89 ppm* -89 ppm* -93 ppm

Unreacted 100 - - - - - - - -
1 day 41 5 12 10 17 10 5 0 0
3 days 39 4 14 9 18 11 5 0 0
7 days 39 4 14 11 18 11 4 0 0
28 days 24 7 18 13 22 12 5 0 0
45 days 23 9 20 13 18 13 5 0 0
56 days 21 10 18 11 19 13 5 2 1
180 days 21 10 19 13 17 12 4 2 1

* A single peak at89 ppm is used to describe botf(TAl) and JF(4Al) components, and distributed among these two site types based on the
concentration ofhe J(3Al) site, as discussed in the text.
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A single band was fitted for {ites despite the known ~2 ppm difference between
Si present in paired (?Q environments relative to bridging {6 sites within GS-H
gels(Pardal et al.2012, because assigning peaks for both &nd (5p sites would

lead to an unconstrained deconvolution procedure.

Significant amounts of €1Al) are present, indicating high levels of Al substitution
in the G(N-)A-S-H gel. The presence of’QAl) units also shows that the-@l-)A-

S-H gel is significantly crosinked. Constant nomero quantities of ¢3Al) and
Q*4Al) sites are resolved at 56 and 180 days of curing. Quantification of the
Q*4Al) site was performed assuming that the additionah-8(-H) gel only
contains 3AIl) and J(4Al) units at an Si/Al ratio of 1.2, and the remainder of the
intensity of the peak at89 ppm was assigned to*@Al). This Si/Al ratio was
selected as it is at the upper end of the range in which an aluminosilicateuiel

be comprised almost entirely of*@Al) and J(4Al) units (Duxson et al., 2005
Provis et al., 2009aa higher Si/Al ratio would also geire the presence of*QAl)

sites, and these are not evident in the spectra here.

The evolving structure of the-@M-)A-S-H gel is represented in Figure 5.6, by

normalising the contributions of reaction products to sum to 100%.
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Figure 5.6. Deconvotion results of thé°Si MAS NMR spectra, normalised to the
total intensity of the reaction products.

The normalised®Si MAS NMR spectral deconvolutions (Figure 5.6) show that the
relative concentrations of the’@) and @ sites do not vary greatly from 1 to 180
days of curing. An increasing trend in the relative concentrations’ @n@ J(1)

sites, and a decreasing trend in the relative concentration§bAlRand F(1Al)

sites, are observed over the entire range oinguages studied. The increasing
prevalence of &) sites, and the corresponding reduction in the concentrations of
Q*(1Al) and Q(1Al) units, are associated with the gradual transformation of the C
(N-)A-S-H gel to structures with lower mean chain len@#CL; see sectiorb.3.4)

and increasing secondary product formation (Figure 5.1 and séQ&i8 as the time

of curing increases. This reduction in MCL can also potentially be reconciled with
the relative increase in percentage of the band&gipm fentatively assigned t0°Q
here) if these peaks represent sudlagend @ units, as increasing the relative
surface area of {N-)A-S-H gel can be consistent with a reduction in MCL. The
decreasing trend in the concentration 3f1@l) sites (incrosslinked G(N-)A-S-H)

is also consistent with the observed decreasing relative percentagélaf Gites,
because a reduction in@QAI) necessitates a lower concentration 6§1@\) (Figure

5.5). Therefore, these results indicate that the degre®sdlinking of the G(N-)A-
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S-H gel decreases over time, which is to some extent a counterintuitive result, and

which will be explored in more detail in section 5.3.4 below.

The d site at-74 ppm is assigned to partially hydrated silicate monomers®or Q
components of the remnant slag that have not reacted congruently without precluding
the possibility that &1Al) species contribute to a small fraction of this peak. The
presence of §1Al) in the >°Si MAS NMR spectra would imply Al substitution in
pairedtetrahedral sites in {ON-)A-S-H, given that tetrahedral site vacancies only
occur in the bridging position (as described Imyl3chain length models for-(N-
)A-S-H (Richardson, 2004. Al substitution into paired sites is not exfgetbecause
atomistic simulations of Asubstituted pentameric chains in environments
representative of 14 A tobermorif@bdolhosseini Qomi et al., 2012in sheets
representing 14 A tobermoriPegado et al., 20)4and in isolated chair®anzano

et al., 2009 have shown significant energetic preferences for Al substitution in
bridging sites instead. Deconvolutions of ti8 MAS NMR spectra have also been
performed without including Qcomponents related to Al substitution into paired
sites, because 'QAl) units are not often observed in publisté8i MAS NMR
spectra of calcium silicate hydravased gels(Brough and Atkinson, 2002
Richardson et al., 1993Schilling et al., 1994aSun et al., 2006 Wang and
Scrivener, 2008 and also because inclusion of these additiodakc@nponents
(Q'(1Al), Q*2Al) and C(2Al) species) would lead to an underconstrained
deconvolution procedure. This band-@d ppm has been observed previously in
sodium silicateactivated slag@ements(Le Saodt et al., 20}, 1where (similar to the
conclusion reached here) it was assigned tauts, but no strongly established
assignment for this peak to a specific site environment within the AAS cement phase

assemblage currently exists.

5.3.3 2’Al MAS NMR

Three distinct Al environments (AI[4JAl[5] and Al[6]) are observed in th&’Al
MAS NMR spectra (Figure 5.7), atns = 5280 ppm (i.e. the observed chemical



5. Nanostructural Analysis of N&8iOs-Activated Slag Cement 113
shift), 3040 ppm and @0 ppm, respectivelyfEngelhardt and Michel, 1987The
profiles of the experimental spectra remain similar as the duration of curing
increases, but some variation in all three environments is observed beti86n 1
days, including:
)] formation of two distinct Al[4] siteat Uops= 74 ppm and 68 ppm, which
Is consistent with the dissolution of the slag and the formation of
aluminosilicate reaction products;
i) an increase in the concentration of Al[5] sites, and a sharpening of the
peaks corresponding to Al[5] with increasitigring time; and

i) the increased sharpness and intensity of the Al[6] pe@jsat 4 ppm.

_/\/__\umeacted dlag

100 80 60 40 20 0 -20 -40
Chemical shift (ppm)
Figure 5.7%’Al MAS NMR spectra of the N&iOs-activated slag paste up to 180
days of curing14.1 T,ng=10 kH2 and the spectrum for the sample cured fge&s
(9.4 T,nr=14 kH2).

The fourcoordinated Al environments are assigned to the remnant slag particles in
the AAS cement, according to the spectrum of the unreacted slag, and algN-to C
)JA-S-H. Three distinct Al sites in {N-)A-S-H are identified atipps = 74 ppm, 68

ppm and 62 ppmUl, = 75 ppm, 68 ppm and 62 ppm respectively), in agreement
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with the literature(Faucon et al., 1999#&ardal et al., 2012Sun et al., 2006 The

peaks present in the Al[6] region are assigned to hydrotalciigsat 9.3 ppm and

5.9 ppm ({iso = 9.68 ppm and 9.1 ppm respectivelgjderis et al., 2012/yalikh et

al., 2009, which is consistent with the observation of this phase in the XRD results
(Figure 5.1), as well as the third aluminate hydrate (TAH}g@t= 3.9 ppm Uiso =

4.6 ppm). Contributions from TAH are evident because the sharp lineshape of the

Ubs@d 4 ppm peak cannot be described as hydrot

The quadrupolar coupling parameters used to describe the component peak shapes
for the reaction products in eél*’Al MAS NMR deconvoluted spectra and the
guantified site fractions for these phases are illustrated in BidguB5.9 and
reported in Table 5.2Accurate descriptions of the quadrupolar coupling effects
déEspinose de L g mahedelprases are typitallyalbsent in tBe0 0 8
alkali-activated cement chemistry literature (wheu&sian/Lorentzian peak shapes

are often assumed, even for quadrupolar nuclei), despite the importance of the
guadrupolar coupling parameter in determining the component peak shapes and
hence intensities, although quadrupolar effects have been accountedrialysis of

2’Al MAS NMR spectra for hydrated RBased material{Bach et al., 2012
dOEspi nose de L paodddbdrdtoeysyinteesisedACSeHI(Pardal & 0 0 8
al., 2012. It is therefore noteworthy that thé’Al MAS NMR spectral
deconvolutions pres¢éed here provide a greatly enhanced description of the
experimental spectra. The proposed peak assignments (wherenthiatepn for Al

sites is equivalent to the"Qnotation for Si sitegHarris et al., 199 are also

consistent with the phases identified through XRD (Figure 5.1).
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Figure 5.8 Deconvoluted’Al MAS NMR spectra (14.1 Thg=10 kHz) of the A)
anhydrous slag and sodium silicatetivated slag cured for B) 1 day, C) 3 days, D) 7
days, EP8 days, F) 45 days, G) 56 days and H) 180 days, Wihes shown in H)

The contribution of the remnant slag is directly scaled according to the extent of
reaction defined from thH&Si MAS NMR spectraThe bold orange traces represent

the contributiorof the remnant anhydrous sldge green supeaks are spinning
sidebands, thklue traces represent product phase the red line is the sum of the

deconvoluted components of the spectrum.

-50 -100
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Figure 5.8 Continued


































































































































































































































































































































































































































































































































































































































































































































































