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ABSTRACT

Alkali-activated aluminosilicates, commonly knows 'geopolymers”, are
being increasingly studied as a potential replacerfeg Portland cement. These
binders use an alkaline activator, typically alksilicates, alkali hydroxides or a
combination of both along with a silica-and-alumrieh material, such as fly ash
or slag, to form a final product with propertiesrguarable to or better than those
of ordinary Portland cement.

The kinetics of alkali activation is highly depentleon the chemical
composition of the binder material and the activatncentration. The influence
of binder composition (slag, fly ash or both), di#nt levels of alkalinity,
expressed using the ratios of JWato-binders (n) and activator Si-NgO
ratios (M), on the early age behavior in sodium silicateusoh (waterglass)
activated fly ash-slag blended systems is discuisstts thesis.

Optimal binder composition and the n values arectetl based on the
setting times. Higher activator alkalinity (n vajue required when the amount of
slag in the fly ash-slag blended mixtures is redudsothermal calorimetry is
performed to evaluate the early age hydration m®and to understand the
reaction kinetics of the alkali activated systenidie differences in the
calorimetric signatures between waterglass activatag and fly ash-slag blends
facilitate an understanding of the impact of theder composition on the reaction
rates. Kinetic modeling is used to quantify thefed#nces in reaction kinetics

using the Exponential as well as the Knudsen methidee influence of



temperature on the reaction kinetics of activatled) and fly ash-slag blends
based on the hydration parameters are discussed.

Very high compressive strengths can be obtainel #to¢arly ages as well
as later ages (more than 70 MPa) with waterglass/aéed slag mortars.
Compressive strength decreases with the increaseinfly ash content. A
gualitative evidence of leaching is presented tbhothe electrical conductivity
changes in the saturating solution. The impaceathing and the strength loss is
found to be generally higher for the mixtures madeng a higher activator M
and a higher n value. Attenuated Total Reflectdfmerier Transform Infrared
Spectroscopy (ATR-FTIR) is used to obtain informatiabout the reaction

products.



To Appa, Amma, Akka, Athaan, Mahi and Jai



ACKNOWLEDGEMENTS

My sincere thanks go to Arizona State University @dfering me to
pursue my M.S in Civil Engineering at School of Gusable Engineering and the
Built Environment.

| would like to express my deep gratitude to myisov Dr. Narayanan
Neithalath for his great efforts, understanding¢aemaging, personal guidance
and for unrelentingly pushing me to work harderAdvanced Cementitious
Materials and Systems Laboratory. The harder | edrkhe more favorable were
my results.

| also thank my thesis committee members, Dr. Suhraam Rajan and
Dr. Barzin Mobhasher for agreeing to examine mygithe/ork.

| thank my fellow lab mates Deepak and Kirk for @lé help during the
course of the work and Ussala for her time and aldks comments while
preparing this thesis.

| would also like to thank my friends Jyotsna aaddlsh for always being

there when needed.



TABLE OF CONTENTS

Page
LIST OF TABLES ... X
LIST OF FIGURES ... e e Xi
CHAPTER
LINTRODUCGCTION ...ttt emmmm e e e e e e e e e e eennnnes 1
I O ] ][ 1= 2
1.2 TRESIS LAYOUL ....ccceeeiiieeeeeeettieee e e e s e e e e e e e e e e e e e e e eeee e 2
2.LITERATURE REVIEW ... 4
2.1 Background and OVEIVIEW ..........c.... e eeeeeeeeeeeesessninnnnnnaeaeeaeeeaaaaees 4
2.2 Historical Developments of Alkali Activated Cent and Concretes....... 5
2.3 Applications of Alkali Activated Binder Systems.........ccccccevveeeeeeeneeenn. 6
2.4 AIKAIINE ACHIVALOIS......eeiiiiiiiieeee st e e 7
2.4.1 AlKali NYdroXides .......ccooeeeiiiiiiii e 8...
2.4.2 AIKAli SIICALES .....eveiiiiiiiiiiii e mmee e 8
2.5 Alkaline Activation of Aluminosilicate Basedmlers ..............ccccceeeenne 9
2.5.1 S0UICe MALErIAlS ......ccoviiiiiiiiiscmmrree e Q..
2.5.2 Aluminosilicate structure and nomenclature................c.occvveeee. 10
2.5.3 Geopolymerization PrOCESS .....cccoveeeeeeeeeeeeeeeeeee e e e 11
2.5.4 Alkali activation of fly @sh ...........occeeviiiiiiiiii e, 13
2.6 Alkaline Activation of Slag.............vuceemreeiiiiiei e 14.
2.6.1 Reaction MeChNaNISM .........cuiiiiiieeeeeeeiiii et 14



2.7 Alkaline Activation of Aluminosilicate Blendda8inders...........c........... 17

2.7.1 Alkali activation of fly ash-slag systems...............ooviiiiiienennn. 17
2.8 Synthesis of Alkali Activated Binders .....cccccooooeiiiiiiiiiiiiiiiiinn 18
2.8.1 Curing CONAItIONS .......coeiiiiiiiiiiimmmmmm e e e e e et e e 18
2.9 Properties of Alkali Activated BINAers ........cccooooveiiiiiiiiiiiiiiiiiinn 20
2.9.1 Early age PrOPEITIES ....cccvvvevrrrrtmmmmmmm e e e e e eeeeeeeeeeaiebaniae e e e e e e e e e 20
2.9.2 Mechanical behavior ...............oo e 24

2.9.3 Reaction products and MIiCroStruCture e ..evveeeeeeeeeriiiieeeeennnn. 25

2.00 SUMMAIY ..ottt ettt eeee e e e e e et et e e e e e eesb e e e e aeeesnn e eeeeennnnnes 26
3. MATERIALS AND EXPERIMENTAL METHODS ... 27
L MALEIIAUS ...t ettt 27
3.2 Activator Parameters (N and MS).......ccooeeeeiiiiiiiieeee 29
3.3 MIXING PrOCEAUIE .....cooiiiiiiiiiiiie e 31
B4 EArlY AQE TESES ..ottt 31
3.4.1 SettiNg tIME..uueeeiiiei it e e e e e 31
3.4.2 Isothermal Calorimetry.........oooo oo 32
3.5 Hardened Mortar TESIS ........ccoviiiiiiireeeee e 33
3.5.1 Determination of Compressive Strength ..., 33
3.6 Test Conducted to Quantify Leaching..............covivveviiiiiinnnnn. 34
3.6.1 Electrical Solution CoNAUCLIVILY .......cceeeuiiiiiiiiiiiieiiieieeeeeiiiiies 34
3.7 Reaction ProducCt ANAIYSIS ..............ummmmmmeereennnnnnnaanaeeeeeeeaeeeeeeeneennnnne 4.3
3.7.1 ATR — FTIR SPECIIOSCOPY .....ceeeerrnnimaaaaeaaeeeeeeniiaaeeeeeesnnaeeeeeeenns 34

Vi



4.REACTION KINETICS IN SODIUM SILICATE SOLUTION

(WATERGLASS) ACTIVATED SLAG AND FLY ASH-SLAG BINDERS

EVALUATED USING ISOTHERMAL CALORIMETRY .....covvvaciiiiiiiinnnnne. 36
4.1 Selection of Optimal Source Material and AdiiwvédParameters ............ 36
4.1.1 Influence of binder composition on the sgttime........................ 36

4.1.2 Influence of activator parameters (n and dds)he setting time of
waterglass activated SYStEMS ...........vvvceeememmiiiiiiieeeee e 39
4.2 Isothermal Calorimetric Studies on Slag anddsly-Slag Blends........ 42
4.2.1 Comparison of calorimetric signatures of slad cement............ 42

4.2.2 Calorimetric signatures of fly ash rich bledgastes activated

USING WaLerglassS. .. ...cuv it it e e e e e e 44
4.3 Cumulative Heat Release and its use for Kiridbdeling .................... 46
4.4 Influence of Temperature on Calorimetric ReS@on............ccccceeeeeeennn. 47

4.4.1 Comparison of the influence of temperaturé¢henhydration of
activated slag and fly ash rich blends .........ccccccooooii s 47
4.5 KiNetiC MOUEIING .....ceiiiiiiiiiiiiiie ettt e e e e e e e e eeeeaeeees 53
4.5.1 Comparison of exponential and Knudsen mdakeded on the
cumulative heat release............ooiiceiiiiiiiiii 53
4.5.2 Influence of binder composition and tempearatn the hydration
PArAMELEIS. .. e 54
4.5.3 Influence of two-curve analysis in activaséa

0TS (=] 1115 58

Vii



5. INFLUENCE OF ACTIVATOR PARAMETERS ON THE STRENGITAND
REACTION PRODUCTS IN ALKALI SILICATE ACTIVATED SLAGAND
FLY ASH — SLAG BLENDS. ... e 62

5.1 Compressive Strength of Slag and Fly ash-Siagéss.......................... 62
5.1.1 Influence of curing duration, binder compiositand activator
characteristics on the compressive strength ofslagars........... 62
5.1.2 Influence of moist curing, binder compositand activators on the
compressive strength of fly ash-slag blended mertar............. 65
5.1.3 Influence of curing conditions on the compies strength of slag
MOTTAIS ... .eiit et o e e e e e e e e e rennes 67

5.2 Quantification of Leaching through Electricali@ion Conductivity ....68

5.2.1 Effect of leaching on the electrical soluteamductivity............ 68
5.3 Reaction Product in Activated Slag and Fly-asilag Pastes............... 70
5.3.1 FTIR Analysis of activated slag pastes..........ccoeeeeeeiiiiiiiiiniiinnns 71
5.3.2 FTIR Analysis of activated fly ash-slag paste.............cccceeeeeee. 75
5.3.3 Reaction products and compressive strength.............ccccceeeen. 78
5.4 Influence of Curing Conditions on Heat Cureg &¢h Mortars ............ 79
5.4.1 Compressive strength development.........ccccooveeeeiiiiiiiiiiiiiiiinnns 79
5.4.2 FTIR analysis of the activated fly ash pastes...........cccccceeeeennn. 82
5.5 SUMMAANY <. e 84
6. CONCLUSIONS. ... etemm e et e e eennnens 85

6.1 Early Age Response of Activated Slag and Hiy-aSlag Systems ...... 85

viii



6.2 Compressive Strength and Reaction Productstwaed Slag and Fly
ash — Slag Systemsof Activated Slag and Fly aslag Systems .......... 857

T.REFERENCES. ... ..o 89



LIST OF TABLES

Table Page
2.1: Applications of alkali aluminosilicates [BakR& 2006]..............ccuvveeiiinnennn. 7
2.2: Classification of Alkali activators [Glukhowglet al. 1980] ..............cceeveeneee 7
2.3: Attributing FTIR peak signals to typical borftfa et al. 1999] .................. 25
3.1: Chemical composition and physical characiesst..............cccccceeivieeeeennnn. 27
3.2: Sample Mixture PropoSition .............uceeeeeeeeiiiiiiiiiiinaeee e e e e e eeeeeeeeeeieeees 30
4.1: Initial and the final set values ..o 37
4.2: Minimum n values for which the mix reachegnigal setin 12 hrs........... 42
4.3: Heat CUIVE @NAIYSIS .......uuuiuueen s eeas s s e e e e e e e e e eeeeeeeesessennnnnnnnsennns 52
4.4: Qnax values based on Method | and Il for activated sliag) OPC ............... 55
4.5: Qnax Values based on Method | and Il for fly ash ridmlds ....................... 57
4.6: Qnax Values based on the 2 curve fit approach for SIx@s..............c........ 59



LIST OF FIGURES

Figure Page

2.1: Aluminosilicate Structure [Davidovits 2005]............ccooovrriiiiiiiiiiiiiiiienn. 11
2.2: Geopolymerization process [Duxon et al. 2007]...........ooiiiiiiiiiiienennnnn. 12
2.3: Mechanism of Gel formations in alkali activéite....................ccooeiiiinnnnee, 13
2.4: Reaction mechanism of alkali activated slagiffrenez 2000].................... 16
2.5: Concept mapping of the reaction products [fipl 2005]............ccceevvnneeee 16

2.6: Effect of alkali dosage and silicate modulus setting times of alkali-
activated slag (Shi and Li 1989D) ......cooo e 12

2.7: Rate of heat evolution during the hydratiofOfC .............cccooeiiviiiiiiininnnn. 22

2.8: Calorimetric response of waterglass activasddg showing similar

calorimetric response to that of OPC hydration [Rawmar and Neithalath

2.9: Calorimetric response of NaOH activated slagt@ at different NaOH

concentrations [Ravikumar and Neithalath 2012]..............ccccoviiiiiinnnnnn. 24
3.1: CaO-Si@-Al,03 composition of different materials..........coeeeeevvennn..... 28
3.2: Particle size distribution of fly ash and s|egvikumar, 2012]................... 28
3.3: Scanning electron micrograph of a) Fly asBlap (PCA 2000) ................. 29
3.4 VICAE NEEAIE ...ttt e e 32
3.5: Isothermal Calormeter ... 33
3.6: Conductivity Meter with the Sample.....co 34

Xi



Figure Page
3.7: (a). ATR attachment, (b). Schematic diagranwshg the beam path through
the ATR (1) torque head screw with limiter scre@) ATR crystal, (3) clamp
bridge, (4) lens barrel, (5) mirrors. [Tuchbreiggral. 2001]..........ccccoeees 35
4.1: Initial and final setting times of slag ang #ish activated pastes................. 38
4.2: Comparison of the initial and the final seaitinimes of fly ash rich blends
with and without the addition of metakaolin. ..., 38
4.3: Comparison of setting times of 100% Slag wdififerent n values (a) n=0.05
(o) T O 04 SRS 40
4.4: Comparison of setting times of 50% fly ash—5€1%g mixture proportioned
with an n value of (a) 0.05 and (D) 0.075. . cuieeeieeeeiiieiieeien 40
4.5: Comparison of setting times of fly ash riclerds proportioned  using
different n values (a) 70% fly ash-30% slag andB@#o fly ash-15%slag. . 41
4.6: Selection of binder composition and n valugeldeon the setting time. Mixes
that reach initial set in 12 hours are selected............cccccceeeeiiiiine 41
4.7: Comparison of calorimetric response of watsgl activated slag with
ordinary Portland cement hydration. The right grapagnifies the initial 12
hours of heat evolution curves for the same sample..........c.cccccvvieiennn. 43
4.8: Calorimetric response of fly ash rich blenals50% Fly ash — 50% Slag and
(b) 70% Fly ash — 30% Slag for 72 hours. The rggaph magnifies the

initial 12 hours of heat evolution curves for tlaene sample. .........cccccceeee. 45

Xii



Figure Page
4.9: The cumulative heat release of (a) 100% she.05), (b) 50% Fly ash —
50% Slag and (c) 70% Fly ash — 30% Slag for 72$w0ur..............ccceee. 46
4.10: Influence of temperature on the calorimetesponse, the left graphs
represent the heat evolution rate of (a) 100% &ag.05, M=2) and (b)
OPC (w/p=0.5 for 72 hours. The right graph magaifiee initial 12 hours of
heat evolution curves for the same sample. .........ccccoeeiiiiiiiiiiiis 48
4.11: Influence of temperature on the calorimeteisponse of, (a) 100% fly ash
(8M NaOH). and (b) 50% fly ash-50%slag blend, Tdfe graph represents
the heat evolution rate for 72 hours. The rightpgraepresents the heat
evolution rate at early ages (Until 12 NOUIS) .cceeeevveviiiiiiiiiiiiiiieeeeeeeeeee, 51
4.12: Influence of temperature on the cumulativat release of (a) 100% Slag
(n=0.05), (b) 50% FA — 50% SIag (N=0.075) .. eememeeeeerereeeeeeeereeereenerens 52

4.13: Two-curve fitting for the cumulative heataate of slag (n=0.05, Ms=2)

(experiments done at 25°C) ......uuuuuiuiiieeereeeiiiee e 59
5.1: Compressive Strength of 100% Slag (a) 3d14o)and (c) 28d.................. 64
5.2: Compressive strength of fly ash-slag blen@sl (&f moist curing) .............. 65
5.3: Compressive strength of fly ash-slag blendsftdrent ages ...................... 66
5.4: Influence of curing conditions on the strengtislag mortars ..................... 68

5.5: (@) Influence of leaching (for n=0.075) on doativity contributing to
reduction in compressive strength of alkali actdatslag specimens (b)
Strength of 100% slag before subjected to moisingushows higher

strengths for high n and MsS values ..........cccooeiiiiiiiiiiiii e, 69
Xiii



Figure Page
5.6: ATR-FTIR spectra Of SOUICe Slag....... e o 72
5.7: ATR-FTIR spectra of waterglass activated glasgtes at 3 and 28 days: (a) n
value of 0.05 and (b) n value of 0.075.....coeeeiieiiiiiiiee e 75
5.8: ATR-FTIR spectra of waterglass activated fbh-glag pastes at 3 and 28
days: (a) 50% fly ash-50% slag (n value of 0.074%) é) 70% fly ash-30%
slag (Nvalue Of 0.1) ..o 77
5.9: Influence of heat curing (at 75C) conditions the compressive strength
development of fly ash mixes after (a) 24 hours @)d8 hours................ 80
5.10: Influence of heat curing (at 75C) conditiomsthe ATR-FTIR spectra of fly

ash mixes after 48 hours (a) Open and (b) Closed..........ccoovvvviiviicinnnn. 83

Xiv



1. INTRODUCTION

As per the European Cement Association the gladralenit production in the year
2011 is approximately 3.2 billion. Cement manufeetuesults in significant
amounts of C@ emissions. With the increased importance on suabdity the
research on eco-friendly cements with fly ash ammadiigd granulated blast furnace
slag (GGBFS) has drawn global interest. 100% cemegriacement in concrete
can be achieved by alkali activation of alumindcaile materials commonly
referred to as Geopolymers. Most research is fatosdy with alkali-activation
of fly ash or slag, however little information igported on the combined use of
both. The combination of fly ash and slag resuttsaltering the chemical
composition of the starting materials in order éwelop beneficial properties that
otherwise might not be possible. Thus this thesisuses on explaining the
influence of binder composition (fly ash, slag ooth), activator solution
concentration and curing conditions on the propsrof slag and fly ash-slag
blended systems. The influence of temperature erkihetics of activation and
hydration parameters is discussed through kinetiodeating. Detailed
experimental studies have been conducted to uaershe early age properties
of the binder including its reaction kinetics anetting behavior. Reaction
products formed in such systems have been chawmettdoy means of advanced
material characterization techniques. It is exgdtat an increased appreciation
of the properties of these systems facilitatedubhothis study would provide an

impetus to the increased use of cement-free bicmecretes.
1



1.10Objectives

The two main objectives of this study are:

e To understand the early age behavior and the ozakinetics of liquid sodium
silicate (waterglass) activated slag and fly asdg-blended systems.

e To understand the influence of early age respongée@mechanical properties
and the reaction product formation in fly ash rhders and to determine the
optimal alkalinity needed to activate them underb@mt conditions, while
maintaining reasonable mechanical properties.

1.2 Thesis Layout
Chapter 2 provides a literature review on alkaliivated binder systems. It
includes a review of the reaction mechanisms adlafictivated binders and their
properties. It also includes a review of the défartesting techniques used in the
characterization of alkali activated binders. Ckap8 presents the material
properties, mixture proportions, mixing procedunad aest methods used to
evaluate the properties of alkali activated slag) fanash-slag blended systems.

Chapter 4 details the early age behaviour andédhetion kinetics of waterglass

activated slag and fly ash—slag blended systemtin@¢ime data is reported in

this chapter that is used as a basis for identifyire optimal binder composition
to be used for the isothermal calorimetric expentse It also includes the
isothermal calorimetry experimental procedure usetlustrate the influence of
binder composition and the activator parametershenreaction kinetics. The

influence of temperature on the reaction kinetitslag and fly ash rich blends

2



are also discussed in this chapter based on theatihyd parameters. Finally,
kinetic modeling is used to quantify the distinatim the reaction kinetics using
different modeling methods and is compared to thairdinary Portland cement
hydration.

Chapter 5 discusses the influence of curing dumatibnder composition and
activator characteristics on the compressive strenghe optimal alkalinity
needed to activate the fly ash rich binders undebient curing conditions are
determined. The influence of leaching on strengithuction of highly alkaline
activated systems is shown based on electrical umiivity measurements of
solutions in which the specimens were leached.réhetion product formation in
fly ash rich binders is studied using analysishted ATR-FTIR spectra. A brief
study on the influence of curing conditions on doenpressive strength and the
reaction product formation of heat cured fly asih finders is also reported.
Finally, Chapter 6 provides a detailed conclusiérthe studies carried out on

alkali activated binder systems.



2. LITERATURE REVIEW

In this chapter the existing published work onaheali activated fly ash, slag and
other aluminosilicate materials as the binding medis discussed. The early age
properties of these materials are discussed alatigthe kinetics and chemical
aspects of reaction product formation.

2.1Background and Overview

Portland cement production increases global grags&@as emissions through
the calcination of clinker in hydrocarbon heatethfices. Traditionally, reduction
in cement consumption has been attained by thefusdustrial by products such
as fly ash and ground granulated blast furnace GEgBFS) as partial cement
replacement materials. Nowadays with the incrgasimportance on
sustainability, researchers have tried to use tndilidy-products such as fly ash
and slag as the sole binding material in concrietgsad of partial replacement of
ordinary Portland cement. Alkali activated bindencretes, also known as
geopolymer concretes is a result of this approdehe to their excellent
mechanical properties, the use of geopolymeric nagein construction is
gaining importance. This class of materials wagioally developed in France in
the 1980’'s as the result of a search to develop fimwresistant building
materials. In order to effectively apply these cosifes as engineering resources,
it is essential to understand the properties, mstoucture and performance
characteristics of these materials. Numerous stutiwe been conducted over the

last few decades to determine the composition-retauoture-property
4



relationships in such systems. This research wdist in a better understanding of
the material and provide valuable information t@atdthe material for specific
applications in the infrastructure sector.

2.2 Historical Developments of Alkali Activated Cememtd Concretes

Alkali was used as a component in the cementingnaatfirst by Kuhl (1930).
He investigated the setting behaviour of mixturésgwund slag powder and
caustic potash solution. Purdon (1940) did the Brdensive laboratory study on
cements consisting of slag and caustic alkalis yzed by a base and an alkaline
salt. Glukhovsky (1957) discovered that binders loarproduced using calcium-
free aluminosilicate and alkali metal solutions. ke¢erred the binders as “soil
cements” and the corresponding concretes as ‘diodtes”. Glukhovsky divided
the binders into two groups: alkaline binding systMe,0—Me,0s—SiO—H,0
and alkaline earth alkali binding system J@eMeO-MeOs—SiO—H,O based on
the composition of starting materials. In 1979, davits developed a new type
of binder similar to the alkaline binding systensing sintering products of
kaolinite and limestone or dolomite as the alumiicse constituents.
Davidovits (1991) adopted the term “geopolymerétophasize the association of
this binder with the earth mineral found in natwstdne. He stated that this type
of materials virtually belongs to the alkaline bimgl system. Later, Krivenko
(1994) pointed out the difference between use kélalhs an accelerator and

alkali as a part of structure forming element intsaystems.



2.3 Applications of Alkali Activated Binder Systems

Alkali activated binder systems have diverse apgibms. The commercial
products developed using alkali activated bindestesys include structural
concrete, masonry blocks, concrete pavements, etgpipes, utility poles and
concrete sinks and trenches. It is also used indthelopment of autoclaved
aerated concrete, refractory concrete and oil-wedments. Most of the
commercial applications of this system have takktein the former Soviet
Union, China, and some Scandinavian countries. |Aficivated binder systems
have been found to provide high strength and gaodhility characteristics. The
system is found to show better fire resistanceff@tl and Gillot 1996, Bakharev
2005, Kumar et al 2006, Kong et al 2007], thus phong the potential to replace
Ordinary Portland Cement concretes. Alkali actidatencretes also have been
used as repair materials due to their superiolyeagé strengths (in most cases,
depending on the activator and source material @i and better bonding
with the substrate material [Huet al. 2008]. Gegpwrs are ideal for high
temperature applications as they remain structusdlible at temperatures up to
800°C [Rashad and Zeedan 2011]. When combined aaithon fibers to form a
composite material, geopolymers proved to be cibstieve when compared to
traditional carbon fiber/resin composites and penfed better in structural and
functional applications including those at high paratures [Lin et al. 2008]. The
need for “green” technologies has also createdicgijuns for geopolymers in
areas involving immobilizing toxic metals and remhgc CO, emissions

6



[Yunsheng et al. 2007]. Other siliceous calcareuaterials, such as red mud-slag
[Gong and Yang, 2000, Pan, Cheng, Lu and Yang, 2802 high-calcium fly ash
can also be activated to form binding materials if@aprasirt et al. 2007],
although not as effectively as slag. The applicatiof alkali activated
aluminosilicates mainly depends on the Si/Al ratidhe starting material. Table
2.1 shows the possible application of alkali alupsiticate materials.

Table 2.1: Applications of alkali aluminosilicatgakharev 2006]

Si/Al Application
1 Bricks, ceramics, fire protection
5 Low CO, cements, concrete, radioactive and
toxic waste encapsulation
3 Heat resistance composites, foundry equipment,

fiber glass composites
>3 Sealants for industry
20<Si/Al<35| Fire resistant and heat resistant fiber composites

2.4 Alkaline Activators

Fly ash, slag and other alumina silicate matenalsd to be activated using alkalis
to form the resulting binding material. Typicallyaustic alkalis or alkaline salts
are used as alkaline activators. Table 2.2 shows clhssification of alkali
activators into six groups according to their cheahtompositions.

Table 2.2: Classification of Alkali activators [Gluovsky et al. 1980]

Alkali Activator Chemical Formula
Hydroxides MOH
Non-silicate weak acid salts  X20Os;, M,SO;, MsPOy, MF
Silicates MO- nSiQ
Aluminates MO- nALO3
Aluminosilicates MO- AlLO3-(2—6)SIQ
Non-silicate strong acid salts Oy
M - Metal



This section provides details on the alkali hyddes and silicates used as
activators.

2.4.1 Alkali hydroxides

Chemical compounds composing of an alkali metalonaand the hydroxide
anion (OH) are called alkali hydroxides. They are the mosiely used as
activating agents. Sodium and potassium hydroxadeshe most commonly used
alkali hydroxides in the production of alkali acted binders. NaOH is
reasonably cheap when compared to KOH and largedyladle making it an
obvious pick for activation of alumina silicate maals. The use of high
concentrations of NaOH or KOH as the activatingnadeas been reported to lead
to the formation of zeolitic structures after anesmsive period of moist curing or
a brief period of heat curing. The dilution of Nd@eleases a large amount of
heat, thus requiring special precautions to bertakbe carbonation and leaching
of the reaction products activated using the alkgtiroxides is a concern due to
the high alkalinity in the system; so there is adedo identify the optimal
alkalinity when using alkali activated systems whis also one of the main
objectives of this work.

2.4.2 Alkali silicates

Sodium silicate is a very common alkali silicatedisis activating agent for alkali
activated binder systems. Sodium silicate is theege name for a series of
compounds with the formula Ma-nSiQ. Theoretically, the ratio n can be any
number. Sodium silicates with different n have eldint properties that may have

8



many diversified industrial applications. Sodiurticaites are available in solid as
well as in liquid form. Liquid sodium silicates ammmercially termed as
waterglass. Solid sodium silicate consists of airchef polymeric anions
composed of corner shared [Sj®@etrahedral. Different grades of sodium silicate
are generally characterized by their silica mod&i©,-to-NaO (or K;O) ratio),
which varies from 1.6 to 3.3. Commonly availablegevglass has a silica modulus
of 1.60 to 3.85 and contains 36-40% solids. It basn reported that waterglass
are the most effective activators for most alkativaated cementing materials
[Shi and Li 1989a, b]. NaOH is often added to aiwwodsilicate solution to lower
the silicate modulus to a more desired value. Tieshod allows production of
waterglass of the optimal modulus and concentratirectly. The major
difference between sodium and potassium silicasefaiaas their properties are
concerned is the viscosity. Potassium silicate tewla have a markedly lower
viscosity than sodium silicate at the same silicadulus, thereby making
mixtures workable at a lower activator-to-bindetiada However, potassium
silicates are more expensive making them less awelufor practical
applications.

2.5Alkaline Activation of Aluminosilicate Based Binder

2.5.1 Source materials

The source materials used for making geopolymesedan aluminosilicates
should be rich in silicon (Si) and aluminium (AThere are three different models
for alkali activated cements. The first type isaobéd by the alkali activation of
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materials comprising primarily of aluminium andi®in with low-calcium
contents. An example of this is the alkali activatiof Class F fly ash or
metakaolin. In this case more severe conditiongh(halkalinity and curing
temperatures from 60 to 200 °C) are required. Thinmeaction product formed
in this case is a three-dimensional alkaline inoigapolymer, an alkaline
aluminosilicate gel that can be regarded to bediteeprecursor (Palomo et al
1999, Palomo et al. 2004, Duxson et al. 2007). Sdw®nd type is obtained by the
alkali activation of calcium and silicon rich masds such as ground granulated
blast furnace slag. In this case the main reagbi@duct is a calcium silicate
hydrate or C-S-H gel (Fernandez-Jiménez 2000, tShli 2006), similar to the gel
obtained during Portland cement hydration. A thgaup of materials has
recently come to the attention of researchers aay pnove to be of particular
interest to the construction industry. This grosigthie result of alkali activating a
blend of the previous two, i.e., a Ca, Si and ahr{Yip et al. 2005, Palomo et al.
2007a) material.

2.5.2 Aluminosilicate structure and nomenclature

The molecular structures of geopolymers are idedtiby the term polysialate.
The term was coined as a descriptor of the sillomaate structure for this type
of material. The network is configured of Si@nd AlQ, tetrahedrons united by
oxygen atoms (Figure 2.1) [Davidovits 1999]. Duethie negative charge of the
Al tetrahedral in IV-fold coordination, positiverie must be present to balance
out this charge. Positive ions (NaK’) must compensate the negative charge

10



which is the reason why alkalis are used as theatictg agents. SiQstructural
units can be classified into seven type8: @, Q’cy-3, &, Q’cy-3, @ and J.
[Shi et al., 2006]. The superscripts on the Q regme the number of linkages
between the given Si atom and neighbouring Si atoynsSi—O-Si= bonds. The

symbols Gey-3 and Gcy-3 represent intermediate or branched,Situctural

units.
.9
Poly(sialate) o d-0df 0
siAl=1 (-Si-0-Al-0-) Sio N M)/ WO,
(i 0 Q
Poly(sialate-siloxo) Ox *si’-OS,L s é;tﬂ
si:Al=2 (-Si-0-Al-0-Si-0-) 8 N \F

0 0
Poly(sialate-disiloxo) og gi,o;;z—ﬂ\ ?aOs Ao
SiAl=3 (S-0-ALO-8-0-81-09 f 0?'-- i

Q
0 K o
_‘gi_ﬁ“s:n_;?..s{.-o_
1
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o ) o
—SI—O—s'i—O—Sl—o_
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Figure 2.1: Aluminosilicate Structure [Davidovit8(5].
2.5.3 Geopolymerization process
The geopolymerization process is an exothermic quoigiensation reaction
involving alkali activation by a cation in solutiofhe reaction leading to the

formation of a polysialate geopolymer is shown belavidovits 1999]

(ALS1207)a + nH20 i n(OH): - Si - Al - (OH)s3 2531

. MOH ! l .
n(OH):-Si- 0-Al- (OH); — = 1-[(—Si- D-Al(‘)—D)n +nH:0 2.5.3.%
I |
0 0
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In the above equations, M is the cation used tovatet the reaction which is
typically introduced as either KOH or NaOH. Addited amounts of amorphous
silica must be present in order to form eitherpgbégy/sialate-siloxo or polysialate-
disiloxo structures of geopolymers. The reactiom fbe polysialate-siloxo
formation is also provided below as an illustratairhow the two reactions differ
[Davidovits 2005]. After the geopolymerization pess is completed, the final
geopolymer obtained is described by the empirigahtila:
M {-(SiO2)z-(AlO2)In + H,0

Here M again is a cation used to activate the i@acth is the degree of
polycondensation, and z = 1, 2, 3 for polysialgp@lysialate-siloxo, and
polysialate-disiloxo structures respectively. Thepswise reaction is shown in

Figure 2.2
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Figure 2.2: Geopolymerization process [Duxon e2@07]
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2.5.4 Alkali activation of fly ash

Fly ash is a by-product of coal combustion, gemgredptured by electrostatic
precipitators before the flue gases reach the olysof thermal power plants. It
is the preferred supplementary cementitious mdtana has extensively been
used to replace part of cement in concrete. Unfigeth is usually disposed into
landfills contributing to soil, water and air pdilon [Palomo et al 1999, Duxon et
al. 2007]. Fly ash is usually classified as low4Gaash or Class F fly ash and
high Ca fly ash or Class C fly ash. Class F fly &stgenerally preferred for
synthesis of geopolymer concretes due to the higliladbility of reactive silica
and alumina. Alkali activation of fly ash takes g#athrough an exothermic
reaction with dissolution during which the covalboeinds (Si-O-Si and Al-O-Al)

in the glassy phase pass through the solution.

Figure 2.3: Mechanism of Gel formations in alkaliiegated
fly ash binder [Jimenez et al 2005]
The products generated from dissolution start tueilate for a certain period of
time (called the induction period) during which theat release is really low.
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Isothermal calorimetric studies (explained in aHooming section) are used to
distinguish the extent of the induction period iystems proportioned using
different activator and binder types, concentratiamd dosages. A condensation
of the structure is produced (a highly exotherntags), which involves the
creation of a cementitious material with a poorlgered structure, but high
mechanical strength. The product is an amorphokaliaaluminosilicate gel
having a structure similar to that of zeolitic presors. This formation of reaction
product as a layer around the fly ash particlesxiglained as the mechanism of
geopolymerization and is depicted in Figure 2.®WelMost research reveals that
the activation of fly ash with alkalis requires hearing to gain reasonable
mechanical properties. The type of solution usedife activation of the fly ash is
essential in the development of reactions. When dlkali solution contains
soluble silicates (sodium or potassium silicateg teactions occur at a higher
rates than when hydroxides are used as the aagtvato

2.6 Alkaline Activation of Slag

2.6.1 Reaction mechanism

The reaction mechanism of aluminosilicates comgina calcium bearing
compound differs from the geopolymeric reactioneaplained in the previous
section. It has also been reported that the typeatmium bearing compound in
the starting material also play an important roiehe alkali activation of such
materials. An example of such is the alkali actoraof slag. Alkalis first attack
the slag particles breaking the outer layer and thpolycondensation of reaction

14



products takes place. Wang et al. (2004) suggestgdhough the initial reaction
products form due to dissolution and precipitatiah,later ages, a solid state
mechanism is followed where the reaction takeseplan the surface of the
formed particles, dominated by slow diffusion ofe tlonic species into the
unreacted core. Alkali cation {Racts as a mere catalyst for the reaction in the
initial stages of hydration as shown in the follogiequations, via cation
exchange with the Ghions [Glukhovsky, 1994 and Krivenko, 1994].

=Si-O- + R" 2 =Si-O-R

=Si-O-R + OH- 2> =Si-O-R-OH

=Si-O-R-OH- + C&* = =Si-0-Ca-OH + R’

The alkaline cations act as structure creators. fdere of the anion in the
solution also plays a determining role in activagiparticularly in early ages and
especially with regard to paste setting (Fernanlie#nez and Puertas 2001,
Fernandez-Jiménez and Puertas 2003).

The descriptive model is shown in Figure 2.4. Thmalf products of the slag
reaction are similar to the products of cement &tydn (C-S-H); the major
difference being the rate and intensity of the tieac Slag also exhibits
pozzolanic activity in the presence of calcium loydde [Mindess et al. 2003].
Therefore a mixture of Portland cement and slag Wwidve at least three
component reactions; cement hydration, slag hydratgaction, and slag
pozzolanic reaction [Feng, et al. 2004]. It ha® dlsen observed that the alkalis
are bound to the reaction products and are ndlyfeagilable in the pore solution

15



(this depends on the alkali concentration usedughyp thereby negating the

potential for alkali-silica reactivity. Drying simkage of alkali-slag cement pastes
is reported to be considerably higher than tha®atland cement pastes [Krizan
and Zivanovic 2001].

7,7 , Blkgline
\{;’_;&_'_smmion
& j ‘ C-S-H formation

/5S¢ OBC

Slag

Figure 2.4: Reaction mechanism of alkali activatied) [F Jimenez 2000]

Figure 2.5 shows the concept mapping of the likglyducts resulting from the

alkaline activation of alumina silicates in theg@ece of a calcium source.

Aluminosilicate 4  Alkaline- 4  Alkaline metal{M) + Additional
SOuUrce Silicate [Non-Calcium] Caleium
Solution Hydroxide
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L o alcum SilicateHydrate

™1 Product
or —— Calcium Aluminale

- | Products |
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Other Aluminosiicate

Source

Ca-Geopolymer

Figure 2.5: Concept mapping of the reaction prasl{itip et al 2005]
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2.7 Alkaline Activation of Aluminosilicate Blended Baers

2.7.1 Alkali activation of fly ash-slag systems

Fly ash-slag blends are chosen to obtain inexpensiew energy, and
environmentally friendly materials. By combining tbothe materials the
disadvantages of one activation process can badwlay the advantages of the
other one. In fly ash-slag blended systems they emy# strength has shown to be
decent, however it displayed very little strengtingbeyond 28 days. Strength
improvements may be obtained by varying fly aslg-sédios or by increasing the
fineness of the slag [Smith and Osborne 1977]. Teash-slag ratio has
remarkable influence on the mechanical strengtthefcementing material. As
slag content in the pastes increases, compressemggth increases. The addition
of a little amount of hydrated lime considerablgreases the early-age strength
but slightly decrease the later-age strength oathated fly ash-slag blends [Shi
and Day 1999]. The strength also increases withreased alkalinity. The
mechanical strength development of the fly ash-plagjes activated with NaOH
solutions is found to be affected more by the #-alag ratio and the activator
concentration [Puertas et al 2000]. At 28 dayseaiction, a mixture of 50% fly
ash-50% slag activated with 10 M NaOH solution anded at 25°C develops
compressive strengths higher than 50 MPa. When Na@d1used as an activator,
the slag blended with Class F fly ash or with Cl&sé$ly ash did not show a
significant effect on strength development. Bothashes had a significant effect
on the strength development when powdered sodilicatei was used as an
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activator. Proper amount of fly ash can reduce dbst and without negative
contribution to the flexural strength. The fly aslhg blended cements carbonated
much faster than pure slag cement and OPC. Caibaraftthese materials leads
to micro cracking which in turn reduces the strar{@ijen and Waltje 1989]. The
present study is mainly concerned with the infleeraf binder composition,
activator parameters (n andgMand temperature on the reaction kinetics of
waterglass activated fly ash-slag blended systems.

2.8 Synthesis of Alkali Activated Binders

Production of cement free binder concrete needswamino silicate rich material
as the binder, alkali for activation and in certaimses heat curing to attain
reasonable mechanical properties. The silicon &ndiaium oxides in the source
material react with the alkaline liquid to form theopolymer paste.

2.8.1 Curing conditions

Different types of curing methods are employedhsag moist curing, heat curing
(low (more than ambient) and at very high tempeestwp to 800°C), and steam
curing. These curing methods can also be combifeedexample, heat curing
during the initial few hours and then placed underist curing [Puertas et al.
2000] for the remaining duration to determine theergyth at various ages.
Activation of aluminosilicate materials with alkalgenerally requires heat curing
for the formation of alkali aluminosilicate binde/s wide range of temperatures
ranging from 468C to 90C have been reported in order to produce alkailvaietd
binders with considerable mechanical propertiegdfta and Rangan 2005] with
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a general improvement in mechanical properties whigher temperatures are
used. Alkali activation of aluminosilicates withotlte presence of a Ca-bearing
compounds certainly need heat curing to obtainisggumechanical properties.
Hence, one of the objectives of this study is tenidy the optimal alkalinity
required to activate fly ash rich blends under ambicuring conditions. Alkali
activated slag concretes can be moist cured owindhé potential for the
formation of calcium silicate hydrates (C-S-H) dee treaction product, as
explained earlier. Prolonged heat curing leads honkage and consequent
cracking and thus curing duration and temperatsirdependent on the type of
binder and activator used. The start of heat cusinipe geopolymer concrete can
be delayed for several days. Tests have shownatllgiay in initiation of heat-
curing up to five days did not produce any degradain the compressive
strength. In fact, such a delay in the start otdeeiging substantially increased the
compressive strength of geopolymer concrete. Tlwealexibilities in the heat-
curing regime of geopolymer concrete can be exgdoih practical applications.
Curing temperature has a positive effect in thengjth increase at the early days
of reaction. At later ages, the effect is reveraed strengths are higher when
curing temperature is low. The influence of curingmperature in the
development of the strength of the pastes is lompared to the influence of
other factors such as the ratio of fly ash-slag #rel activator concentration
[Puertas et al 2000]. If all other factors remabmstant, the temperature increase
tends to result in a gain of mechanical streng#aldma et al 1999]. Thus the
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temperature and time of curing significantly affetihe strength in the case of
alkali activated fly ash. A study on the effectsauming conditions (sealed (using
aluminium foil) and open (dry and moist) on the @uessive strength
development of heat cured fly ash systems are shoWhapter 5.

2.9Properties of Alkali Activated Binders

2.9.1 Early age properties

Setting time is one of the early age property ehestitious systems. The setting
times of alkali-activated slag cement pastes dementhe nature of activators.
NaOH and NgCO; activated slag cement pastes usually exhibitegdosetting
time than waterglass activated slag cements. Ttimgdimes usually decrease
with the increase of activator dosage. The modafusodium silicate has a very
significant effect on the setting times of sodiuilicate-activated slag cements
(Shi and Li 1989a, b, Bakharev et al. 1999a). B initial and final setting
times of the pastes decrease with the increasdansilicate modulus when
waterglass (liquid sodium silicate) is used [Ch&@§3]. Figure 2.6 shows the
influence of activator dosage and silicate modutus the setting time of
waterglass activated slag. However when solid at#ids used the setting time
increases with the increase in the silicate moduliss is because both the
dissolution rate and solubility of sodium silicgflasses decrease as the modulus

of the solid sodium silicate increases
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Figure 2.6: Effect of alkali dosage and silicatedulas on setting times of alkali-
activated slag (Shi and Li 1989b)

Hydration is another important early age properfycementitious materials.
Ordinary Portland cement hydration is usually a fstage process, as shown in
Figure 2.7. The first stage is the initial dissmnt(pre-induction stage) of cement
grains when water is added. This stage is typicalymore than few minutes.
Following this is the dormant period (induction g&g in which the rate of
reaction slows down significantly. This dormantipdrtypically lasts for a few
hours and allows for the transportation and placgnod the mix. After this
induction stage is the acceleration stage, whexerdte of hydration accelerates
rapidly and reaches a maximum within about 5-10réi0lihe acceleration of the
reaction is due to the formation of reaction prddy€-S-H) [Shi 1999]. Post-

maxima the rate of hydration slows down graduadlgcgleration and long-term
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hydration stages), with the long-term hydration gaess being diffusion

controlled.

N w £ (5] [=2]

Heat Evolution Rate (mW/g Binder)

0 8 16 24 32 40 48
Hydration Time (Hours)

Figure 2.7: Rate of heat evolution during the htidraof OPC
In alkali activated slag, the reaction product iedominantly C-S-H with low
Ca/Si ratio. The reaction kinetics is influencedtbg activator type, temperature
and alkalinity of the activator. In waterglass @ated slag a similar heat release
response as seen for ordinary Portland cement tigdrisa observed as shown in
Figure 2.8. The heat evolution peaks appears tditeetly proportional to the
alkali concentration and the time at which the hmatlution occurs decreases
with alkali concentration. The cumulative heat oydration increases by
increasing the n modulus as well as the dosageatérglass, but is still lower
than that of Portland cement [Krizan and Zivand®@©1]. It was found that the
initial pH of activator solution has an importaote in dissolving the slag and in
promoting the early formation of some hydration duets. The hydration of

alkali-slag cements can be described by three modék first model consists of
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the case where there is only one initial peak amdunther peaks. The second
model includes one peak before the induction peaaod one peak after the
induction period, and finally the third model indks two peaks before the
induction period and one peak after the inductienqgal. [Shi and Day 2004]. For
NaOH activated slag the reaction takes place sckiyuihat the dissolution peaks
are not captured. Figure 2.9 illustrates the readtinetics of alkali activated slag
activated with NaOH. Temperature has a major imibee on alkali activated
systems. The reaction kinetics of fly ash rich dems a complicated process
since the fly ash particles reaction is acceleraiely at higher temperatures.
There is not much research that has been doneeircdabe of blended alkali

activated systems which is the focus of this redear
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Figure 2.8: Calorimetric response of waterglaswaied slag showing similar
calorimetric response to that of OPC hydration [Rawar and Neithalath 2012]

23



12

10

8 8M NaOH

4M NaQH

Time (Hours)

Heat flow (mW/g Slag)
-2}

0 L S —
0 4 8 12 20 40 60 80
Time (Hours)

Figure 2.9: Calorimetric response of NaOH activatled) paste at different NaOH
concentrations [Ravikumar and Neithalath 2012]

2.9.2 Mechanical behavior

Compressive strengths of alkali activated systeary vnainly because of the
binders and the activators used. Concrete beamsamehns made with activated
fly ash have been tested for flexural and compvessirength and are reported to
perform similar to or better than concretes produsgh OPC. This might also be
due to the better bonding of the reaction produth tihe aggregates. It has been
proposed that the similar mechanical response caaititate the use of similar
structural design codes for alkali activated cotegeas that currently exists for
OPC concretes [Rangan et al. 2005]. Further stgdyequired to learn the
influence of binder composition and activator cosipon on the mechanical
behaviour, of this new material. Limited studies @mpressive behaviour of

alkali activated fly ash concrete shows a similampressive behaviour as that
24



seen for ordinary Portland cement concrete [Hardjital. 2005]. The modulus of
elasticity of alkali activated slag concrete wasgood agreement with that
predicted from the equation specified in ACI 31&20however it was found that
the alkali activated slag concretes had lower tertsipacity than those predicted
from models for ordinary concretes [Yang et al. ZJ01

2.9.3 Reaction products and microstructure

Fourier Transform Infra-Red (FTIR) Spectroscopyarseasy and quick method
for analysis of reaction products in alkali actadtbinder systems. In infrared
spectroscopy, infrared radiation is passed throagample, where some of the
radiation is absorbed and some transmitted. Thdtiag Spectrum represents the
molecular absorption and transmission, creatingadecunlar fingerprint of the
sample. This makes infrared spectroscopy usefulidentification of reaction
products in these systems. Table 2.3 shows the comiATIR spectra peaks
identified from literature for OPC and alkali agted pastes.

Table 2.3: Attributing FTIR peak signals to typitainds [Yu et al. 1999]

Peak location (cif? | Chemical bond characteristic of the sighall
3650 Hydrated Minerals (i.e. Ca(O})
3400 OH Stretching (}0)

S-O (Gypsum)

1650 H-O-H Bending (HO)

1430 C-O Asymmetric Stretching
1035-1030 aluminosilicate bonding’
1010-1000 Calcium Silicates

960-800 Si-O, Al-O Stretching

872 C-O Bending

480 Si-O-Si and O-Si-O Bending
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2.10 Summary

This chapter reviewed previous studies conductedilkali activated systems.
The background information was used to help indésign, interpretation, and
analysis of the experimental data. Hence, the dsoas in this thesis build on

many of the research referenced in this chapter.
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3. MATERIALS AND EXPERIMENTAL METHODS
This chapter describes the materials and methog@ogloyed in the research
presented in this thesis. The experimental methedd to make the samples are
also explained in detail in this chapter along veittiescription of the analytical
equipment employed.
3.1 Materials
The source materials used in this study are Cla$g &h conforming to ASTM
C 618 and ground granulated blast furnace slag (E&Bype 100 conforming
to ASTM C 989, the chemical compositions of whick shown in Table 3.1. The
reactivity of these materials, when activated vatkalis depends mainly on the
CaO, SiQ and ALOs; content of the binders. Figure 3.1 shows the CHER-S

Al,O3 ternary diagram indicating the location of therseumaterials.

Table 3.1: Chemical composition and physical cttersstics

Chemical Analysis Class F Fly ash Slag
Silicon Dioxide (SiQ) 57.96% 39.44%
Aluminum Oxide (AbO3) 23.33% 6.88%
Iron Oxide (FeOs) 4.61% 0.43%
Calcium Oxide (CaO) 5.03% 37.96%%0
Sulfur Trioxide (SQ) 0.39% 2.09%
Loss on Ignition (L.O.I) 0.45% 3.00%
Sodium Oxide (NgD) 1.28% 1.67%
Others 6.95% 8.539
Density (g/cc) 2.28 2.9
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Both these binding materials are rich in silica ahdnina, which are required for
the formation of the strength imparting phases Ikalaactivated binders. The
silica-to-alumina (SiIQAI,O3) ratios were found to be approximately 2.48 and
5.73 for fly ash and slag respectively. Apart frdne high silica and alumina
contents, slag also has a high CaO content (~38%¢ wWie CaO content in fly

ash is very low (5.03 %).
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Figure 3.1: CaO-Si®Al O3 composition of different materials
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Figure 3.2: Particle size distribution of fly asidaslag [Ravikumar, 2012]
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The particle size distributions (obtained usingasel particle size analyzer) are
shown in Figure 3.2. Particle size analysis shdwed slag is finer than fly ash
with 95% of particles finer than 30m compared to only 60% for fly ash. Fly ash
and slag particle morphologies obtained using sognalectron microscopy is
shown in Figure 3.3 (a) and (b) respectively. Fgh éhas smooth spherical

particles whereas slag is composed of angulargbestof varying sizes.

(b)
Figure 3.3: Scanning electron micrograph of a)ddlg b) Slag (PCA 2000)

3.2 Activator Parameters (n andsM

The activator parameters that were chosen to liBestiare the N#-to-binder
ratio (n) and the Sigto-NaO ratio (also called the silica modulusg)MBinders
are fly ash, slag, or both in the case of fly alg-%lends. Sodium silicate
solution (waterglass) is used as the activatinghtagsith a M ratio of 3.26.
NaOH was added to the waterglass solution to atiesM; values as desired for
beneficial activation. The ratio n provides theat@mount of NgO in the mixture

whereas the ratio Mlictates the proportion of NaOH and sodium siécsdlution
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in the activator. The total alkali content in théxtares were adjusted using the
NaO-to-total source material content ratios (n), salvealues of which were
used for activation, depending on the source nateambination. For example,
if a mixture with an n-value of 0.05 and a Ms @& is required, for every 1000 g
of binders, 50 g of N® and 75 g of Si@is required. Since waterglass is the only
source of silica from the activator, 75 g of i€an be obtained from 245 g of
waterglass containing 98g of sodium silicate powaleich has a Mof 3.26. The
waterglass would also provide 23 g of,NaThe remaining 27 g of M@ (50g —
239) is then obtained by the addition of NaOH. €aBl2 shows the mixture a
proportion calculation for n values of 0.05 and fbd three different M(1, 1.5
and 2) for 1000g of binders and a liquid-to-powdatio of 0.5. The liquid
consisted of the water added (a part of which weeduo prepare the NaOH
solution) and the water present in waterglass. gdwder part consisted of the
binders (fly ash, slag, or both), solid fractionnterglass and N@ from NaOH.

Table 3.2: Sample Mixture Proposition

n | Ms | Binders (g)| Waterglass (g) NaOH (g) | Water (g)
1 1000 163 45 332
0.05| 1.5 1000 245 35 295
2 1000 327 25 258
1 1000 327 90 264
0115 1000 490 70 190
2 1000 653 50 117
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3.3Mixing Procedure

The NaOH solution used to reduce the activatomidls prepared by dissolving in
water and added to the required amount of watessglBhe resulting solution was
then allowed to cool down to the room temperatareabout 2 hours. The binders
(fly ash, slag, or both) were first dry mixed tdgatin a laboratory mortar mixer.
The prepared activators are then mixed with thetisga materials to prepare
pastes. For mortars, fine aggregate (sand) wasdadéhe source materials to
obtain a 50% sand volume before the activators wdded. They were mixed in
a laboratory mixer for approximately 2 minutes bathomogeneous mixture is
obtained. The mixtures were then cast in 50 mm qub&ls for compressive
strength testing. For the calorimetric and settingg studies, paste mixtures were
used as soon as they were prepared. The liquidnaler ratio of 0.40 and 0.50
were used.

3.4Early Age Tests

3.4.1 Setting time

The initial and final setting times of alkali acited pastes were determined using
the method prescribed in ASTM C191 (Vicat needleho@). Figure 3.4 shows

the Vicat needle that has been used for determihmgetting times.
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Figure 3.4: Vicat Needle

3.4.2 Isothermal Calorimetry

Isothermal calorimetry has been shown to be a uge@ihnique to study the
hydration of cementitious systems [Wadso6, 2003ftiqdarly during the first 72
hours of hydration. Isothermal calorimetry has dldgantage of being able to test
a material at a specific temperature. Typicallpthermal calorimetry is used to
investigate the major thermal peak that occursnguitie acceleration phase of the
hydration process. The experiments were carriednoatcordance with ASTM C
1679. Sodium hydroxide (NaOH) was mixed in wated atlowed to cool to
ambient temperatures. It was then mixed with sodigiticate solution
(waterglass) to form the activator of desired Whe pastes were mixed externally
and loaded into the isothermal calorimeter. Theetetapsed between the instant
the activating solution was added to the powder @uredpaste loaded into the
calorimeter was around 2 minutes. This method adimgiwas employed to avoid

the large instantaneous heat release associatbdalkili dissolution in water.
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The tests were run for 72 hours with the calorimetet at three different

temperatures (2&, 35C, and 46C).

Figure 3.5: Isothermal Calorimeter

In the cases where temperatures different fronathkient temperature were used
for isothermal calorimetric experiments, requisiteounts of the source materials
and the activator were placed inside the calorimgtamber without being mixed
for an extended duration (typically overnight) sota equilibrate at the desired
temperatures. Figure 3.5 shows the isothermalicadber used for this study.
3.5Hardened Mortar Tests

3.5.1 Determination of Compressive Strength

The compressive strengths of the pastes and mortare determined in
accordance with ASTM C 109. The compressive strengtf the waterglass
activated cubes at several ages were determinedestyng at least three
specimens from each mixture at the desired ageat ¢leed cubes were let to
cool down over night before testing. Moist-cureéé@mens were tested at the

respective ages without any drying.
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3.6 Test Conducted to Quantify Leaching

3.6.1 Electrical Solution Conductivity

In order to quantify the leaching effects in alkadtivated pastes, the cubes were
placed in 300 ml of deionized water for an extengedod of time. Electrical
conductivity measurements of the deionized watewlmch the alkali activated
specimens were stored for several days were cosdlu€igure 3.6 shows the
conductivity meter (Mettler Toledo) used to measthre conductivity of the

solution containing the sample.

Figure 3.6: Conductivity Meter with the Sample

3.7Reaction Product Analysis

3.7.1 ATR - FTIR Spectroscopy

Attenuated total reflectance — Fourier transforrframed spectroscopy (ATR-
FTIR) allows the determination of transmission s$pecwithout destructive

sample preparation. Spectra are obtained fromlkerption or transmittance of a
wave which is transmitted through an internal ften element (IRE) of high

refractive index and penetrates a short distantethe sample, in contact with
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the IRE. The IRE used is diamond, selected becaligs resistance to high pH
and abrasion from sample removal and cleaning.cfup of the ATR attachment
along with a schematic diagram of the beam patbutyin the apparatus is shown

in Figure 3.7.

(a) b) (
Figure 3.7: (a). ATR attachment, (b). Schematigidien showing the beam path

through the ATR (1) torque head screw with limgerew; (2) ATR crystal, (3)
clamp bridge, (4) lens barrel, (5) mirrors. [Tuckiber et al. 2001]
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4. REACTION KINETICS IN SODIUM SILICATE SOLUTION (WATE R
GLASS) ACTIVATED SLAG AND FLY ASH-SLAG BINDERS
EVALUATED USING ISOTHERMAL CALORIMETRY

The kinetics of alkali activation is highly depentden the chemical composition
and the activator concentration. In this chaptdre tnfluence of binder
composition (amounts of fly ash and slag in thentd)e alkali concentration, as
expressed using the ratios of Aato-binder (n) and Silicate modulus, expressed
as the ratio of Si@to-NaO (Ms), on the reaction kinetics of sodium silicate
solution (waterglass) activated slag and fly aslgr&inder systems are examined.
Optimal binder composition and n values are deteechifrom the setting time
data which are then used to determine the readtioetics using isothermal
calorimetry experiments. The influence of tempea®atn the reaction kinetics of
fly ash-slag blends are discussed based on theatiydrparameters. Finally,
kinetic modeling is used to quantify the distinatim the reaction kinetics using
different modeling methods and is compared to dfiardinary cement hydration.
4.1 Selection of Optimal Source Material and Activa@@arameters

4.1.1 Influence of binder composition on the setting time

As described before, one of the major intentiongdhid study was to develop
activated fly ash binders that can attain acceptabmpressive strengths under
normal moist curing conditions. Slag is used asntagor constituent to achieve
acceptable early age properties since it is wethvkn that fly ash activation

requires heat. In this study, the initial settiimget is used as a basis for identifying
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the acceptable binder compositions and n valuebeoused for extensive
compressive strength (details given in Chapten8)alorimetry studies.

Table 4.1: Initial and the final set values

Binder n M Initial Set| Final Set
Composition s (mins) (mins)
1 541 946
0.03 2 53 156
1 337 437
0,
100% Slag 0.05 > 33 75
1 110 270
0.075 2 27 62
0.05 1 -
50% Fly ash-509 ’ 2 64 169
Slag 1 497 640
0.075 2 58 114
0.075 1 -
0 -309
70% Fg:Sh 30 o1 1 627 1032
g ' 2 133 231
70% Fly ash—209 0.075 1 -
Slag-10% 01 1 639 1042
Metakaolin ) 2 172 242
80% Fly ash—109 0.075 1 -
Slag-10% 01 1 -
Metakaolin ' 2 375 | 510
0.075 1 -
85% Flyash—15%
Slag 0.1 L -
' 2 347 | 465

Initial and final setting times of alkali activatélgt ash, slag, or blended systems
depend mainly on the binder composition, activaype and its concentration.
Table 4.1 shows the initial and the final settimgeisof a number of unary, binary
and ternary component alkali activated systemsamoing slag, fly ash, and

metakaolin. Alkali activated mixtures with slag méoas the starting material
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reaches its initial setting time faster than thyeafsh rich mixesthe mixtures that
use fly ash alone as the starting material do @ath their initial set in 12 hours

for the activator characteristics used in this aese work as shown in Figure 4.1
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Figure 4.1: Initial and final setting times of slagd fly ash activated pastes
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It has been reported that activated mixtures wighash alone as the source
material require hedor activation [Paloma et al. 1999, Van Jaarswtldl. 1997,
Vargas et al. 2011]The addition of small amounts of metakaolin to $ystem

does not result in any significant changes in #térg) times as shown in Fig 4.2.

4.1.2 Influence of activator parameters (n and)Mn the setting time of
waterglass activated systems
From Table 4.1 it can be inferred that higher thend M, values, the faster the
initial and the final setting times. For the sameafue, a change in activatorsM
from 1 to 2 results in a much larger impact onisgttimes, i.e.the apparent
effect of SiQ on setting behaviour is more pronounced than ohataO. In
other words, the mixtures with lower n and higheywlues set faster than the
mixtures with higher n and lower Mvalues This is becausea higher
concentration of [Sig}* increases the reaction rate [Chang et al. 200Bis T
trend is observed irrespective of binder compasitmd the same is shown in
Figure 4.3 for activated slag with n values of Oadf 0.075 and Wbf 1, 1.5 & 2.
Reducing the amount of slag in the mixtures netassi a higher alkalinity. For
the fly ash-slag blended mixtures, the 50% fly ash50% slag mixture
proportioned with an n value of 0.05 and Ms of Bsloot reach its initial set in
12 hours. A higher n value of 0.075 is requiredeach initial set in less than 12
hours as shown in the Figures 4.4 (a) and (b). 0% fly ash — 30% slag and

85% fly ash — 15% slag mixtures also do not reddir tinitial set when an n
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value of 0.075 and Ms of 1 is used. An n value.fi® required in these cases as
shown in Figures 4.5 (a) and (b); this illustraties influence of a Ca bearing

starting material on the early age response ofialkéivated systems.
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By extensively performing the setting time expemtsethe influence of binder
composition and the n andsMalues on the early age behavior of the slag Bnd f
ash-slag blends are determined. Mixtures thatrsatrieasonable time (12 hours)
are selected for further experiments and are sumethrin Figure 4.6. The
minimum n values at which desirable initial settiagpbtained for those mixtures
are shown in Table 4.2. For further studies on roaketric and mechanical
response of these materials, these n values ackalseg with both lower and
higher Myvalues (1 and 2).

Table 4.2: Minimum n values for which the mix reaslits initial set in 12 hrs

Binder composition n value
100% Slag 0.03"
50%FA — 50%Slag 0.075
70%FA — 30%Slag 0.1
70%FA — 20%Slag — 10%MK 0.1

A The n value used for calorimetric experimentsin tase is 0.05 because this
has been determined to be an optimal value [Waayj 094]. The details are
clarified in Chapter 5

4.2 1sothermal Calorimetric Studies on Slag and Fly-8kly Blends

4.2.1 Comparison of calorimetric signatures of activatag and cement

Figure 4.7 shows the heat evolution curves for wgdss activated slag pastes

proportioned using an n value of 0.05 angvdlues of 1 and 2. The calorimetric

response exhibits two peaks.
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Figure 4.7: Comparison of calorimetric responswatierglass activated slag with
ordinary Portland cement hydration. The right grapagnifies the initial 12
hours of heat evolution curves for the same sample.

The very early narrow peak within the first few mwf mixing corresponds to
the particle wetting and the dissolution of slagtipkes [Shi and Day 1995,
Ravikumar and Neithalath 2012]. The dormant petiwat follows this peak is
followed by an acceleration peak that is smallemiagnitude. The shape of the
heat release curve is similar to that of OPC hyaina¢ven though the significant
features are different with respect to their magies and their occurrences in the
time scale. The heat release curve for an OPC pastewater-to-cement ratio
(w/c) of 0.50 is also shown in Figure 4.7 to fdeile comparison. The induction
period in waterglass activated slag paste is faonde considerably longer than
that of the OPC paste, in line with observationsoreed previously [Ravikumar
and Neithalath 2012]. This is because of the tietpiired for the ionic species in
solution to reach a critical concentration to faeaction products. The waterglass
activated pastes also have a much smaller acaelenaeak, bringing into view

the contrast with OPC as far as reaction kineiaoncerned. Decrease in Ms (or
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increase in alkalinity) resulted in broader acadlen peak for the waterglass

activated slag pastes suggesting improved activatio

4.2.2 Calorimetric signatures of fly ash rich blended fssactivated using
waterglass
Figures 4.8 (a) and (b) show the heat evolutionaaBinction of time for
waterglass activated fly ash-slag pastes propatiarsing activator Mof 1 and 2
for n-values of 0.075 for the 50%fly ash-50%slagniol and 0.10 for the 70%fly
ash-30%slag blend. Instead of the two-peak systeserged for the OPC and
activated slag pastes, the waterglass activatealstiyslag systems show only one
large peak that is generally observed within thestfi2-3 hours. The only
exception is the 50%fly ash-50%slag blend with dfl 1 (higher alkalinity) that
demonstrates a broader, low intensity peak afteh@@®s. The general single-
peak trend in these mixtures is because of thetfiattthe dissolution of some of
the initial materials happen early along with sogedation to form reaction
products but no additional reaction products oftlkeeonic kinetics are formed
until much later (beyond the time that calorime@iperiments are conducted). It
is anticipated that when the later reactions td&eg the heat release rate is in all
probability slow and low.In both the slag and fly ash-slag blended systéhes,
initial dissolution peaks are narrower and stedpepastes with higher MThis
is due to the acceleration in tigtial reaction due to high amounts of [S]®

ions. This corresponds to the faster setting ofe¢hmixes as seen in setting time
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data.The appearance of the low intensity acceleratiak pe the lower M paste
can be attributed to the C-S-H gel formation inilatdd Ca containing system
(only 50% of slag) under the influence of highetivator alkalinity. For the 70%
fly ash-30% slag blend, the Ca ion concentratiothm system is so low that a
meaningful acceleration peak is absent. In thig,cas well as the case for the
50%fly ash-50%slag blend with a highers Malue, the reaction products are
formed by initial gelation, and further progresglifusion controlled that results

in little changes in the calorimetric signatures.
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Figure 4.8: Calorimetric response of fly ash tidbnds (a) 50% Fly ash — 50%
Slag and (b) 70% Fly ash — 30% Slag for 72 houng. fight graph magnifies the
initial 12 hours of heat evolution curves for tlage sample.
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4.3Cumulative Heat Release and its use for Kinetic &liod

The cumulative heat released Q(t), obtained bygnateng the heat flow curves, is

shown in the Figure 4.9 for the waterglass activatlag mixes maintained at

25°C.
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Figure 4.9: The cumulative heat release of (a) 18@% (n=0.05), (b) 50% Fly
ash — 50% Slag and (c) 70% Fly ash — 30% SlagZdroirs.

The initial ascent depicts the heat release carttab due to dissolution and the

subsequent climb depicts the heat release corntibwlue to the acceleration

peak. The induction period is represented by theively flatter regions in the
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cumulative heat release curve between the initsdadution rise and the latter
acceleration rise. Cumulative heat release isalhythigh for mixes with higher
Ms due to faster reaction facilitated by the high antaf SiQ, ions. However the
total cumulative heat release after 72 hours i ligg mixtures with a higher
alkalinity (lower M; and/or higher n). Furthermore, the cumulative hrefgase
values of waterglass activated slag systems aserdban that of OPC after 72
hours and can be inferred from the Figure 4.9 Tae heat released for the
waterglass activated fly ash-slag blends is couteith by a single dissolution
gelation peak represented by a single curve bebavio the cumulative heat
release except in the case of 50%fly ash and 5@wgth lower silicate modulus

(Ms=1) where a small bulk hydration peak appears.

4.4Influence of Temperature on Calorimetric Response

4.4.1 Comparison of the influence of temperature on ydrdtion of activated
slag and fly ash rich blends

The influence of temperature on the reaction kasetf slag, fly ash, and their

blends is elucidated in this section using the roaletry tests conducted on

waterglass activated slag and fly ash-slag blepdetes, and NaOH activated fly

ash pastes at 25°C, 35°C, and 40°C . The temperhtileed heat release curves

for a typical OPC paste is also shown for compariser the slag and fly ash-

slag blends, pastes withsMf 2.0 were selected for studies on the influeote

temperature. This was because these pastes deatedsa weaker or non-
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existent acceleration peak at 25°C, and thus tleetsefof increasing temperature

are more pronounced.
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Figure 4.10: Influence of temperature on the caletric response, the left graphs
represent the heat evolution rate of (a) 100% 1@ 05, M=2) and (b) OPC
(w/p=0.5 for 72 hours. The right graph magnifies thitial 12 hours of heat
evolution curves for the same sample.

Figure 4.10 (a) shows the heat release responsetivited slag pastes at the
three chosen temperatures while Figure 4.10(b) shitn response of an OPC
paste for comparison since it was shown earligrttferesponse of activated slag
is similar to that of OPC at ambient temperaturésr the waterglass activated
slag pastes, an increase in temperature frof@ 256 35C results in significant

changes in the calorimetric response, especialtyh wespect to the temporal
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location of the acceleration peak. Such a drasiange is not noticed for the OPC
paste, even though the peak intensities changdisagly in both the cases. A
comparison between Figures 4.10(a) and (b) revkalsnfluence of temperature
on hydration of both slag and OPC.

Figures 4.11 (a) and (b) depict the calorimetrgponse of 8M NaOH activated
fly ash and waterglass activated 50% fly ash-50&y &lend (n=0.075, Ms=2)
pastes respectively. Figure 4.11 (a) shows thahemase in temperature has a
profound effect on the heat release rates forlthash rich blends. However, the
acceleration peak that was conspicuous in activelsgisystems and which made
an appearance in the ambient temperature respéribe 60% fly ash-50% slag
blend at an Mof 1 is absent in this case. The dissolution efdlassy phases of
fly ash and their gelation is taking place simudtausly as indicated by the single
peak response. The significant increase in peaagity at higher temperatures
indicates an increased amount of reaction prodlatisig early stages. This result
in the further diffusion controlled reactions beistpwed down, consequently
influencing the rate of property development inksggstems. From Figure 4.12
(a) it can be seen that the two-curve behaviorwksefor the activated slag paste
at 25°C disappears at higher temperatures (35°C48A@) since the induction
period is shortened by the acceleration in reactate due to the increased
temperature. Table 4.3 shows that the increaseenmpérature increases the
cumulative heat release after 72 hours in slagepasti also the OPC paste. The
cumulative heat release values are of waterglasgated slag pastes are lower
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than that of the OPC paste. The maximum cumuldiesd release (at 40°C) after
72 hours for waterglass activated slag paste isdda be 190 J/g when compared
to that of OPC paste where it is 310 J/g (See Tal3e

Figure 4.11(a) shows the influence of temperatur¢he calorimetric response of
100% fly ash activated with 8M NaOH. At room tengiere, the calorimetric
responses of this paste and that of the 50% fly5&8h slag blend are very
similar. However, note the Y-axes scales whichagy different in both the
cases, suggesting the extent of exothermicity efrdactions. When the reaction
temperature is increased, while there is no sulesggxothermic processes after
the initial dissolution-gelation peak in the walass activated fly ash-slag blend,
a distinct secondary exothermic process is obsefmethe NaOH activated fly
ash paste. The process of dissolution of fly ashhinghly alkaline solution entails
the breakdown of the covalent Si-O-Si and Al-O-Ahds in the glassy phase of
fly ash and the release of these ions into the pol#ion. At room temperatures,
structure formation does not happen because difigieactivation energy barrier.
At elevated temperatures, polycondensation happemsch is exothermal,
leading to the secondary peaks in the isothermalingetry response. This step
culminates in the formation of reaction productsAMNs-H gel in this case) with a
poorly ordered structure but a high mechanicahgfite [Paloma et al 1999]. The
cumulative heat releases shown in Table 4.3, 1§%dd 146 J/g for the pastes
maintained at 35°C and 40°C after 72 hours, conthbane12.5 J/g at 25°C
demonstrates this effect. A ADin the reaction temperature results in an almost
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10-fold increase in the cumulative heat releasdihwsg the effect of
temperature on the activation of NaOH activateda$h pastes. It can also be
inferred from Figure 4.12 (b) that the influencetemperature for fly ash-slag
blends is more pronounced and hence the differantdee cumulative heat flow
curves are much larger for fly ash-slag blends wtmmpared to slag and OPC
systems. Similar effect can be seen in Table 4.8 wigher difference in

cumulative heat release for fly-ash rich blendsighher temperatures.
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Figure 4.11: Influence of temperature on the caletric response of, (a) 100%
fly ash (8M NaOH). and (b) 50% fly ash-50%slagioleThe left graph
represents the heat evolution rate for 72 hours.right graph represents the heat
evolution rate at early ages (until 12 hours)
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Figure 4.12: Influence of temperature on the cutivdeheat release of (a) 100%

Slag (n=0.05), (b) 50% FA — 50% Slag (n=0.075)

Table 4.3: Heat curve analysis

Time of Cumulative
T Peak Value | appearance heat
Binders n Ms °C) (mWi/qg) of peaks released
(hrs) after 72
I T | T hours (J/g)
Slag 25 586 | 1.43 0.45_526.28 150.1
(100%) 005| 2| 35 4.3 4.33 0.653 8.62 169.19
40 5.09 | 7.06] 0.45 5.57 190.58
25 3.78 - 0.55 - 60.49
Flyash-| 0.05| 2| 35 9.65 - 0.22 - 117.36
Slag 40 3.98 | 0.704 0.65| 25.47| 120.39
(50%- 25 3.5 - 1.07 - 89.36
50%) |0.075| 2 35 5.78 - 0.78 - 140.68
40 9.42 - 0.42 - 161.56
25 3.21 - 0.63 - 67.88
Fly ash- | 0.075| 2 35 5.7 - 0.63 - 90.23
Slag 40 10.1 - 0.2 - 96.66
(70%- 25 2.69 - 1.1 - 62.07
30%) 0.1 2| 35 4.71 - 0.7§ - 93.08
40 12.3 - 0.2 - 113.83
Fly ash 25 | 0.525 il 0.5 - 12.51
(100%) 8MNaOH| 35 | 0.514| 0.63% 1.33 _ 24.77 104.6
40 0.97 1.34| 1.4%10.57 145.74
25 6.09 | 3.82| 0.15 8.67 266.64
OPC NA 35 11.5 747, 0.1 5.43 287.62
40 441 | 105/ 0.1% 4.78 309.99
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4.5Kinetic Modeling

4.5.1 Comparison of exponential and Knudsen models basd¢de cumulative
heat release

The maximum cumulative heat releasegaQis determined by two different

methods in order to identify the effect of diffetrdrydration parameters on the

reaction kinetics.

In Method | the values of Qx can be obtained by fitting an exponential model to

the cumulative heat flow curve [Neithalath 2008]eyi by the following equation.
B
Q(t) = Qmaxe<—[z] ) 41
Qmax Is the maximum heat that could be released beasube reaction.t is the
hydration time parameter afids the shape parameter.
In Method Il the total heat evolution of cement twiime is described by the

semi-empirical equation (Knudsen 1980, Roy andndb®82, 1985, Shi et al.

1991a, Zhou et al. 1993, Fernandez-Jimenez and taBuel997b):

Q(t) = Qmax [ Xt 4.2

1+K.(t—to)
Where Q(t) = total heat evolution at time t (kJ/k@).ax = total heat evolution at
=0 (kJ/kg); K is a constant parameter which is edoathe reciprocal ofsg,
where %, is the time to achieve 50% of.&; t = actual hydration time at
temperature T (hours); £ time parameter. In order to maintain uniformiiyne

to reach isothermal conditions is taken as 2 haiftexr the start of the test for
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calculating Qax using both these methods, i.e the heat releaséukirfirst two
hours are not considered for thgQcalculation.
Activation energy which is the minimum energy reqdi to start a chemical

reaction is defined by the Arrhenius law usingéleation 4.3

K(T) = A el=s] 4.3
Where K(T) is the rate constant determined at difie temperatures. A is a pre-
exponential factor that does not change much wveithperature. Eis the activation
energy, T is the temperature (in K) and R is thwemsal gas constant (in J/K/mol)
.The slope of the plot In K(T) vs 1/T gives thepdo-E/R from which activation

energy can be determined.

4.5.2 Influence of binder composition and temperaturghenhydration

parameters
The hydration parameters are influenced to a laegeent by the binder
composition. Table 4.4 gives the predicteg.Qualues based on the fit of Q (t)
and t plots using Method | and Method Il for acteg slag paste and ordinary
Portland cement paste.,Q increases with an increase in temperature for same
binder composition and alkali concentratiorand ¢ values corresponding to the
hydration time decreases with the increase ineéhgerature since the induction
period and the time to reach the starting pointhef acceleration period in both

slag and cement decreases with increase in terperat
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Table 4.4: QaxVvalues based on Method | and Il for activated slag) OPC

Method | Method I
Binders | .- Q e(_[ﬂﬁ) Q M} (IE;/
(°C) e il E S GRS
Qmax T B Qmax to K

J/g) | (hrs) (J/g) | (hrs) | (hrsY
Slag | 25 | 162.2] 29.1| 1.59 175.7| 6.10] 0.030
(n=0.05,| 35 | 159.5| 10.6 | 1.40 192.7| 2.42| 0.060| 56.7
M<=2) | 40 | 183.1] 7.8 | 1.17/ 201.1| 1.71] 0.091
25 | 274.4] 11.8| 1.35/ 334.6| 2.60| 0.051
OPC | 35 | 276.1] 7.10| 1.36/ 310.3| 1.65| 0.106| 46.8
40 | 314.1] 6.1 | 1.12] 335.6] 1.33] 0.122

t, values are always lesser than thattofor the same mix at the specified
temperature; therefore the predicted,Qdetermined using Knudsen method
(Method 11) is found to be higher than the,{ values determined using the
exponential method (Method I). The valuepofiecreases with the increase in the
temperature. This can be related to the decreasieeirslope of the cumulative
heat release curves with temperature.

The ¢ value determined using Knudsen method gives abetitimate of the
second peak corresponding to the end of inducteriog (start of the acceleration
peak) in the case of cement paste, similar to tiabrted by other researchers
(Knudsen 1980, Roy and Idorn 1982, Fernandez-Jim&887b). However the
value determined using the exponential method gavesperior assessment of the
second peak in the case of activated slag pastesanbe related to the time to
the end of acceleration. This can be attributethéodistinct changes in the shape

of the curve (from two curves to a single curvefhvincreasing temperature in the
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case of slag pastes. Hence the exponential methtbdthe shape paramet@r
gives a better indication of the reaction kinetiecsthis case. The parameter K
determined using the fits increases with an ina@@ashe temperature in the case
of slag and cement pastes and it is found to baldgqithe reciprocal of the time
to achieve 50% of R Hence this constant parameter can be considsradate
determining parameter in the case of slag and cenibese rate constant values
can be used in determining the apparent activagioergy (E) using Arrhenius
law using equation 4.3 and are shown in Table®#.E, value for activated slag
are higher (56.7 KJ/mol) than that of cement (46J8nol). This shows even with
the introduction of alkalis into the system theadillactivated slag requires higher
activation energy to initiate the reaction.

Table 4.5 gives the predicted,Q values based on the fit of Q(t) vs. t plots using
Method | and Method Il for fly ash rich blendsy£ values increases with an
increase in the temperature for the same binderposition and alkali
concentration. However the difference in,£ values at higher temperatures
(35°C and 40°C) are significantly higher in theecas$ fly ash rich blends where
the reaction rate at higher temperature increasesmparison to the very low or
non-existent reactivity at ambient temperature rtbe very low Qax values). §
values are always lesser than thattofor the same mix at the specified
temperature similar to activated slag and cemestepa however the predicted
Qmax determined using Knudsen method (Method 1) is tbtmbe lower than the
Qmax values determined using the exponential methodh{el) in most cases.
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Table 4.5: QaxVvalues based on Method | and Il for fly ash ritdnls

Method 'B Method I
Binders| n | Ms (°-El) Qmaxe( [t]) QmaX'[—l -IEI(: (tE)Z )]
: 0
Qmax T B Qmax to K

(J/g) | (hrs) (J/g) | (hrs) | (hrs?)

Fly ash- 25 | 51.7 | 1620 0.7054.2 | 0.50| 0.032
diag | 05 | 2[ 35 | 1957 5600 0.70166.7| 2.01 | 0.012
Bleads 40 | 2709 | 64.19 057250.1] 2.46 | 0.011
(50%. 25 | 86.2 | 1441 0.7482.0| 1.53| 0.048
5006 | 0075/ 2 [ 35 | 165.0 | 2147 0.79143.6] 2.62 | 0042
40 | 200.4| 21.7% 0.66182.5| 1.77 | 0.033

25 | 80.5 | 17.17 05262.7| 0.79| 0.054

F'élgzh' 0075 2 [ 35 | 851 | 13.85 060727 | 098] 0.058
Blonds 40 | 937 | 1355 06281.4| 1.05| 0.058
70%. 25 | 639 | 9.36] 0.6959.0| 1.02| 0.078
3006 | O-1 | 2[ 35 | 1056 1645 056858 091| 0.053
40 | 112.1| 17.01 05893.0| 1.05| 0.049

Fly ash 25 | 156 | 17.34 050 13.0| 1.07| 0.047
(100v%) | EM NaOH| 35 | 1850 | 19.00 095164.0] 3.01 | 0.020
40 | 202.0| 23.03 0.96266.0] 3.36 | 0.019

The reaction mechanism of fly ash rich blends sihdaé better understood in
order to estimate the hydration parameters, howtheparameters do not seem
to follow any trend in these cases. It is foundt ttkee constant parameter K
decreases with an increase in temperature froft 26 35C due to the vast
difference in the Q. values in this case. This shows that an increasefiC
allows the material to overcome its activation ggebarrier and react to form
binding compounds. This is an important observatizet has implications in
deciding the optimal curing parameters for desiredctivity and mechanical

properties. Since the values of K decreases withpégature it cannot be
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considered as a rate determining parameter indbke of fly ash rich blends and
hence it cannot be used in determining the appametivation energy (&
However, with another temperature, perhaps highan tthe 3%C, used for
calorimetric experiments, might result in the saapproach being capable of

extracting the activation energies.

4.5.3 Influence of two-curve analysis in activated slggtems

Since waterglass activated slag paste show a twaglarimetric signature, with
an initial peak corresponding to the dissolutiorsiafy particles and the second
bulk peak corresponding to precipitation of thecteen products, it is expected
that a two-part equation would be ideal to fit tuenulative heat release response.
This helps in separating out the influence of tbvator on the dissolution and
precipitation reactions individually. Figure 4.18osvs a representative fit of the
hydration heat curve using the two-part equatioplared above. The second
curve starts from a point in the induction periededmined by drawing tangents
at the ascending portion of the second curve atehding the tangent to meet the
x-axis. The Q(t) value corresponding to this pantthe x-axis is considered as
the starting point for the second curve.

The values ot, 3, t, and K reported in Table 4.6 corresponds only eoshcond
part of the curve. It should be noted that sinae rthixing of the paste is done
outside the calorimeter, a significant part of finst phase is lost and hence the

Qmax1 Value might not be very accurate.
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Table 4.6: QaxVvalues based on the 2 curve fit approach for sixgs

'V'eth<0d 'B) Method Il
T -l K(t—t)
(°C) Qmaxe Qma - [1 + K (t— to)]

Q: Q2 T B Q: Q2 to
(J/9) | (/) | (hrs) (J/g) | (3/g) | (hrs) (hrs D)
25 42.5| 141.1 27.4 | 2.19 39.9| 182.0 17.6 0.02

35 25.8| 159.410.64|1.41| 24.2| 169.8 581 | 0.12
40 12.2| 183.9 7.76 | 1.15 11.5| 191.4 3.16| 0.13
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Figure 4.13: Two-curve fitting for the cumulativedt release of slag (n=0.05,
Ms=2) (experiments done at 25°C)

The Qnaxz Values (which are equivalent to thg£values shown in Table 4.4 for
the corresponding temperatures) are lower whenigieg using the two-curve
fitting method. The constant parameter K deterohineing Knudsen equation
increases with temperature. However the differeincéhe K values are large

(from 25°C to 35°C) for to calculate the apparestiivation energy. While this is
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a useful method to predict the accurate heats dfdtipn, the vast difference in
the rate determining parameter K with temperateens to somewhat diminish

the applicability of this methodology.

4.6 Summary

The influence of binder composition, activator cemication and temperature on
the reaction kinetics of sodium silicate activastaly and fly ash-slag blends are
discussed in this chapter. Optimal binder compasiand n values are selected
based on the initial setting time. The influencebofder composition, activator
parameters (n and Jand temperature on the isothermal calorimetrgpoase
was reported. The waterglass activated slag systeémosved a calorimetric
response similar to those of OPC pastes with a edaikduction period. Kinetic
modeling was used to quantify the differences iactien kinetics using two
different modeling methods. The constant K deteedi using the Knudsen
method is considered as a rate determining paranmetiee case of activated slag
and cement (when the difference in thgaQualues are not very large with an
increase in temperature) and can be used in ctiaylthe apparent activation
energy. However it cannot be considered as a ®Errdining parameter in the
case of fly ash rich blends since the differencéhim Q.ax values are very large
with increases in temperature (especially from 2&735°C). The K values allow
for the determination of the optimal curing paraenetfor desired reactivity and

mechanical properties. The activation energy detexdh using rate constant
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values (based on Arrhenius law) are found to bédridor activated slag (56.7

KJ/mol) when compared to that of cement (46.8 KJymo
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5. INFLUENCE OF ACTIVATOR PARAMETERS ON THE STRENGTH
AND REACTION PRODUCTS IN ALKALI SILICATE ACTIVATED
SLAG AND FLY ASH — SLAG BLENDS

In this chapter, the influence of curing duratibmder composition and activator
characteristics on the compressive strength demedop of, and the reaction
product formation in sodium silicate solution aated slag and fly ash-slag
binder systems are examined. ATR-FTIR analysis uwsesl to characterize the
reaction product. The strength losses in highlyalate mixtures are explained
through quantification of leaching by performinge@tical conductivity of the

solutions in which the specimens were submerged e influence of curing

conditions (open (dry), open (moist) and closed)tlom compressive strength
development of heat-cured fly ash mixtures andAIIR-FTIR analysis are also
reported.

5.1 Compressive Strength of Slag and Fly ash-Slag Bsnde

5.1.1 Influence of curing duration, binder compositiordaarctivator

characteristics on the compressive strength of stagtars

Compressive strengths of the waterglass activaleg mortar specimens that
were moist-cured were determined at ages of 3aid,28 days and are shown in
Figures 5.1 (a), (b), and (c) respectively as ation of the n and Mvalues. The
mortars were prepared as explained in Chapter Geeldifferent n values (0.03,
0.05, and 0.075), and three, Malues (1.0, 1.5, and 2) are used. The compressive

strength response of slag mortars is used herdasisto which the properties of
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the fly ash-slag blend can be compared to. The cesspve strength of activated
slag mortars increase with age as seen from Figute From the three-
dimensional plots shown below, it is possible tenitify the combination of n and
Ms values that result in desirable compressive sthesng The compressive
strengths at all ages are found to increase wheen tralue is increased from 0.03
to 0.05. Activation of slag by alkalis is dependentthe efficiency of the alkalis
in solubilizing the silica and alumina from slagefRandez et al 1999, Song et al
2000]. Higher alkalinity, i.e., the higher amounfsOH' ions in solution, results
in increased dissociation of the Si along with theeration of Ca, and thus
increased potential for the formation of more antsuof strength imparting
reaction products (C-(A)-S-H gel in this case). &Atower n value (0.03), the
compressive strengths are quite independent oMbhealues of the activator.
Additional Si from waterglass does not facilitatrrhation of more reaction
products when the alkalinity is lower, leading tostobservation. When the n
value is increased from 0.05 to 0.075, there istrangth reduction that is
observed, except for the mixtures with, b 1.0 (higher alkalinity). This can be
attributed to the leaching of alkalis from the syst that leads to increased
porosity, when the amount of alkalis present in flystem is more than the
optimal range which is reported to be 5.5% (n 5B)dor pure slag [Wang et al.

1994]. A qualitative evidence of leaching in suelses is presented later.
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Figure 5.1: Compressive Strength of 100% Slagda)t® 14d and (c) 28d

The impact of leaching and hence the strengthitogsund to be generally higher
for the mixtures made using a higher activatqravd a higher n value [Garcia et
al 2006]. This is because of the formation of a |IG&/Si ratio C-S-H gel as
reported for alkali activated slag systems [Pakeiod Puertas 2006, Fernandez-
Jiménez et al. 2003] results in the excess silichadkalis in higher Mand higher
n value mixtures leaching out under moist curingditions. At lower M (lower

SiO, content), strength increases with increasing me&lbecause the higher
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alkalinity facilitates the faster formation of réi@n products, and the available
silica is incorporated into the reaction produd&r the higher Mvalue (1.5 and
2) mixtures, the results shown here also confirenpgtesence of an optimal value
for n (0.05) as reported in [Wang et al. 1994] asds compressive strength is
concerned.

5.1.2 Influence of moist curing, binder composition amti\ators on the

compressive strength of fly ash-slag blended mertar

Figure 5.2 shows that compressive strength deseask an increase in the fly
ash content for the blended mortars even with mighevalues, which is

attributable to the poor reactivity of fly ash undenbient conditions.
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Figure 5.2: Compressive strength of fly ash-slamté (28d of moist curing)
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The decrease in compressive strength with increaflg ash content is mainly
because of the presence of lower amounts of reagtassy phases in fly ash as
compared to slag [Garcia et al 2006, Paloma e9@9,1Van Jaarsveld et al 1997,
Vargas et al 2011]. Higher temperature or highkaline solutions are required
to dissolve the glassy phases in fly ash to foractten products that provide
acceptable compressive strengths. The compresiserggth development of 50%
fly ash — 50% slag, and 70% fly ash — 30% slagddesre shown in Figure 5.3.
The n and M values used to prepare these activated blends Ibeee given

earlier in Table 4.2.

50 1 I 1 I 1 I 1 I 1 I 1
—e—e 50FA-50Slag (n=0.075, Ms=1)
1+ -a- 4 50FA-50SIag (n=0.075, Ms=2)
40 —|@=e=© T0FA-30Slag (n=0.1, Ms=1)

& =r= » TOFA-30Slag (n=0.1, Ms=

Compressive Strength (MPa)

0 5 10 15 20 25 30
Age (Days)

Figure 5.3: Compressive strength of fly ash-slamé at different ages

Figure 5.3 also shows that the compressive streoigt0% fly ash - 30% slag
mortars is lower than those of the 50% fly ash %58lag mortars even when
activated with 25% more alkalis. Some amount argith imparting C-S-H gel is
formed and some fly ash has reacted to provideghtll higher increase in

reaction product volume in the case of the 70%altyh - 30% slag mixture.
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However the amount of reaction products is lowantthat in the 50% fly ash -
50% slag system where a higher amount of slag teesul more C-S-H gel
formation even at a lower activator alkalinity.the case of fly ash rich blends the
alkali modulus must be kept preferably lows@11) to provide a sufficiently high
pH and also to avoid rapid polymerization of thelism silicate after the pH is
reduced by the dissolution of the acidic specieffyiash. If this condition is not
satisfied, the matrix would densify before suffrdi@mounts of reaction products
are formed [Garcia et al 2006]. Such initial reactiproducts would act as a
barrier for further progress of the reaction and tke process into diffusion-
controlled mode too early. Hence the compressirength of fly ash rich blends
with selected n values is higher for mixtures viawer Mg after 28 days of moist
curing. 50% fly ash-50% slag blends n value of78.(rovides reasonable
compressive strengths (>30 MPa) after 28 days a$tnearing. The 70%fly ash-
30%Slag blends with an n value of 0.1 also providessonable strength (23

MPa) for lower silicate modulus (#41) after 28 days of moist curing.

5.1.3 Influence of curing conditions on the compresstwengjth of slag mortars
Optimal n value of 0.05 determined for the watesglactivated slag systems
through the previous section is used to determime ihfluence of curing
conditions on the compressive strength of activaed systems. The study is
conducted by considering two different curing cdiodis in addition to moist

curing (during the entire curing period) that waisviously determined. Mortars
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were heat cured at 65°C for (a) 6h and (b) 12hnirowen. Once heat curing is
completed the cubes were cooled to room temperandehen subjected to moist
curing for 14 days and then tested for compresstvength. The compressive
strength obtained using these methods are compared compressive strength
of the cubes that were kept under moist curingtierentire curing period of 14
days. Figure 5.4 shows the influence of curing domts on the compressive
strength of slag mortars. It is known that theyade strength is generally high
under heat curing for alkali activated slag systdmesause of the increased
tendency to form the reaction products. Hence titeal period is used for heat
curing (6 hrs and 12 hrs). It is found that stréngt 14 days of moist curing is
higher than those initially exposed to heat (at®5The structure of the reaction
product (C-S-H with low Ca/Si ratio) formed dueindial heat curing undergoes

modification when it is subjected to moisture tlgreeducing its strength.
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Figure 5.4: Influence of curing conditions on ttesgth of slag mortars

5.2 Quantification of Leaching through Electrical Sabut Conductivity
5.2.1 Effect of leaching on the electrical solution coatility
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Electrical conductivity measurements of the deiedizvater in which the alkali
activated specimens were stored for several dayge wenducted in order to
provide a qualitative indication of leaching. Theason behind conducting this
experiment is to account for the strength reductiwt is observed in the case of
activated slag with higher alkali content. The rsixeith n values higher than
0.05 in the case of activated slag are more subbepd leaching when the alkali
content increases more than the optimal value sxxitbed before. The results are

shown in Figure 5.5 (a).

50 PR IS IS I ET— 20

Strength before moist curing (100% Slag)
Ms=1

B
o
|
~—~
L

w
S
|

N
=]
|

nfluence of Leaching B
(100% Slag)
@—o—8 n=0.05, Mg=1
N -8 En=0.05 Mg=2 [~
@—e—6n=0.075, Ms=1 |
E < EIn=0.075, Ms=2

L B L B B
0 5 10 15 20 25 30
Age (Days) n (Na20/Slag)
Figure 5.5: (a) Influence of leaching (for n=0.09%) conductivity contributing to
reduction in compressive strength of alkali acedaslag specimens (b) Strength
of 100% slag before subjected to moist curing shimgler strengths for high n

and Ms values
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The specimens made using higher n angvBued solutions exhibited higher
conductivities. The solution conductivity is primiar dependent on the
concentration of OH- ions (equivalent conductivify198 cnf¥ S/mol), N& ions
(equivalent conductivity of 50.1 ¢mS/mol) and aqueous SiQlequivalent
conductivity of 70 criiS/mol) [Ravikumar and Neithalath 2012, Shebl 1387,

Snyder et al 2003]. For a paste made using a givalue, the conductivities are
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higher for the solutions with higher Ms values. S'implies a higher amount of
SiO; in the solution (assuming that similar n valuesutein similar amount of
Na" and OH ions). Leaching of silica with the solution cougsult in the removal
of silica from the reaction products to achievealaaquilibrium, thus contributing
to the observed strength reduction at higher nMpd&alues when moist cured.
Figure 5.5 (b) presents the compressive strendtliiese mixtures before they
were subjected to moist curing, which shows that tigher n and Mvalue
mixtures have higher strengths. Though an accugasatification of leaching
cannot be obtained from these measurements, treoneafor the strength
reduction in mixtures with higher n andsMalues, stored in high RH conditions,

can be garnered from this observation.

5.3 Reaction Product in Activated Slag and Fly ashag$lastes

The preceding sections have dealt with the anabfsike influence of the curing
duration, binder composition and activator paramsetth and M) on the

compressive strengths of activated slag and fly-séstp mortars. Since the
binders, alkali content and the composition of éleévating agent influence the
reaction product formation, a detailed analysisaieempted in this section.
Attenuated Total Reflectance — Fourier Transforfnahed Spectroscopy (ATR-

FTIR) is used to obtain information about the remacproducts.
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5.3.1 FTIR Analysis of activated slag pastes

It is observed that the type of activator playsmportant role in the formation of
reaction product in the case of alkali activatedgs[Fernandez-Jimenez and
Puertas 2003]. It is known that activation of sWigh sodium silicate results in
the formation of C-S-H and C-A-S-H gel as the magaction product [Wang
and Scrivener 1995, Yip et al. 2005, Song et abl020The discussions here are
mostly limited to the stretching vibrations of Si€D units since it can be used as
a signature of the main reaction products. In gandéor C-S-H and C-A-S-H
systems, the Si-O-Si stretching bands are obsaatwvadvavenumber of 950-1000
cm* [Lodeiro et al. 2008, 2009, Bernal et al. 2011loR® et al. 2007]. Figure
5.6 shows the ATR-FTIR spectra of the starting st&mpwing one broad
component at 928 cmrecognized as (Si-O) stretching of $i@trahedra
[Fernandez-Jiménez and Puertas F 2003]. In therglass activated slag pastes
the major bands representing the asymmetric strgichibrations of the silica
tetrahedral (Si-O) has been shifted towards highgres (940-960) cth Figures
5.7(a) and (b) represent the 3 and 28 day ATR-F3pRctra of waterglass
activated slag pastes with n values of 0.05 an@90r@spectively, for Mvalues
of 1 and 2. The observed shifts can be ascribedh¢oformation of more
condensed tetrahedral species. The FTIR specwalaplay bands of calcite (C-
O) at 1370-1400 cthat lower silicate modulus values. These bandgenerally
absent at higher silicate modulus indicating leagb@nation. Stretching and
bending modes of OHyroups existing in O and in the hydration products were
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detected at 3320-3365¢chand also at 1630-1655 émCalcium hydroxide (CH)
band (at ~3635 cil) is absent as CH cannot precipitate in these systeecause
of its higher solubility as compared to C-S-H andG-H. In general, a move to
a higher wavenumber is interpreted as the influeidegher Si content in the C-
S-H gel (or a lower Ca/Si ratio) [Palacios and Bage2006]. Hence the pastes
with a higher M value (in this case more SiQvas present because more
waterglass used to increase thewdlue) shows characteristic signatures shifting
to higher wave numbers, as shown in Figure 5.G{b)s is more prominent with

increase in reaction time.
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Figure 5.6: ATR-FTIR spectra of source slag

The solubility of Si increases with increase inaditkity whereas that of Ca
decreases and hence the systems with a high stlire@entration (higher Mvalue
with increasing waterglass) will have a C-S-H gethwa lower Ca/Si ratio.

Studies also show that in alkali activated systeargaining NaOH the amount of
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aluminium incorporated into the tetrahedral chagnkigh [Fernandez-Jiménez et
al. 2003], resulting in the Si-O-Si vibration basiufting to higher wavenumbers
[Brough and Atkinson 2002] This can be interpretete the formation of a more
polymerized gel structure [Ravikumar and Neithgl&012]. Higher Si content
results in the production of%Gilicon [Fernandez Jimenez et al. 2003], as oppose
to the @ and @ units primarily found in C-S-H from OPC pastesliBeider et

al. 2001]. High presence of’@nd @ silicates have been observed in the C-S-H
formed in waterglass and NaOH activated slag systffPuertas et al. 2004,
Palacios and Puertas 2006,]. From the figures &)8a(d (b) it can also be
inferred that the observed shift in the stretchBigO-Si band increases with
curing duration (3 and 28 days), indicating higkcaipolymerization with curing
time for n value of 0.05. However with an n value0d075 the wavenumber
decreases with reaction time. This can be relatdbe increase in the Ca/Si ratio
due to leaching of Si. (as seen from compressrength and electrical solution

conductivity results).
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Figure 5.7: ATR-FTIR spectra of waterglass actidatkag pastes at 3 and 28
days: (a) n value of 0.05 and (b) n value of 0.075

5.3.2 FTIR Analysis of activated fly ash-slag pastes

The ATR-FTIR analysis of 50% fly ash—-50% slag, atdo fly ash—-30% slag
blends are shown in Figures 5.8 (a) and (b). Thalues used to prepare these

activated blends have been given earlier in Tal#?emth two M; values (1 and
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2). The main Si-O stretching band occurs in thes5{945) cn range. The high
wave number is contributed by the reaction prodhasting a much lower Ca/Si
ratio when compared to that of activated slag paste alkaline activation of fly
ashes leads to the formation of an alkaline alusiiiwate (N-A-S-H when NaOH

is used) of amorphous nature and 3D network, @&aditec type.
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Figure 5.8: ATR-FTIR spectra of waterglass actiddtg ash-slag pastes at 3 and
28 days: (a) 50% fly ash-50% slag (n value of 0)@ftsl (b) 70% fly ash-30%
slag (n value of 0.1)

The FTIR spectrum of the alkaline aluminosilicase la band associated to (Si-O-

Si) at 997 cm-1 [Puertas et al, 2000] these areohserved in the IR spectra of
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the fly ash—slag pastes studied. This shows theein€e of calcium bearing slag
in the reaction product (C-S-H) formation. A higllicate modulus of the
activator (M) results in a shift to a higher wavenumber boteaty (3 days) as
well as later (28 days) ages. The calcite peak J@#lch is predominant in slag
pastes at 1400 chis absent in fly ash rich blends indicating redlicarbonation
with increase in fly ash content. Stretching anddieg modes of OHgroups
existing in HO and in the hydration products were detected 20&865crt and
also at 1630-1655 cirsimilar to slag pastes.

5.3.3 Reaction products and compressive strength

As a consequence of the alkaline activation of glagte, a hydrated calcium
silicate of the C-S-H gel type is formed as the nm@action product. This gel
phase is differentiated from that formed in the ragidn of Portland cement
because of its lower Ca/Si molar ratio. The higharproportion in solution due
to the addition of NaOH would favour the formatiohC-S-H gel. Sodium will
enter the structure in inter-layer spaces [Puetad, 2000] and acts as a catalyst
for the formation of C-S-H. Hence the mixes madévihigh alkalinity (high n
values) has high compressive strengths. NaOH atlwedodify the M value
changes the number of network modifying Na atomsSy@tom [Ravikumar and
Neithalath, 2012]. The structure of the silicatagds formed is modified by the
presence of Na atoms [Dimas et al. 2009]. The Na will be incorporated in the

C-S-H gel by replacing Ca ions. It acts as chaajariters for the negative charge
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on the Al tetrahedral [Fernandez-Jiménez et al32@hi et al. 2007, Ravikumar
and Neithalath, 2012].

Higher silicate modulus leads to high silica polyination. This is due to the
formation of @ silicate structures with high silicate modulus ulésg in
decreased number of non-bridging oxygen sites [Bined al. 2009]. The
formation of @ silicate structures results in higher wavenumheresponds to
the asymmetric stretching vibration of the silierahedral. Hence for the slag
pastes with optimal alkalinity (n=0.05) strengtlie Aigher for mixes with high

silicate modulus at later age (28 days).

5.4Influence of Curing Conditions on Heat Cured FliynAgortars

5.4.1 Compressive strength development

As mentioned before the activation of fly ash watkalis requires heat curing to
gain reasonable mechanical properties because @abr reactivity of the fly ash
at ambient temperature. Given that our objectivi® islentify fly ash rich blends
for moist curing it is important to identify the ropressive strength development
of the heat cured fly for comparison. Since fly asilkes do not reach their initial
set with a liquid-to-powder ratio of 0.5 a liquioHpowder ratio of 0.4 is used to
identify the compressive strength development pfafh mixes with heat curing.
The influence of curing conditions on the compnesstrength improvement of
heat cured fly ash mortars are studied by consigdhree different types of heat

curing procedures.
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Method 1: (Open dry condition): The mortar cubegewnplaced directly in an
oven at 75°C. Method 2: (Open moist condition): Tiertar cubes were placed
in the oven at 75°C alongside a container contgimater (relative humidity 40—

50%). Method 3: (Closed condition):

[£]
o

100% Fly ash (n=0.075) [

Compressive Strength (MPa)
s o 8 R
] ] ] ]

]
|

Open (Dry) Open (Moist)
Heat curing conditions

30

100% Fly ash (n=0.075)
25 [EEms=1

<]
‘]

b

=

»

*
-

&
&
55

*

&
55

*

otetet,
!

o
&

S
&
“.

o

2

*
2

>

&
5

e
350

&
5

5

A
.,‘.'.".
-

&
5

*

5%

e
o0
!
o2

=
&
5
&
&

&
%!
%5

<
¥

*

*
>

7
>

5

-

-

Compressive Strength (MPa)
a
]
e
Sl
Sl
5%

2505

e

Open (Dry) Open (Moist)
Heat curing conditions

Figure 5.9: Influence of heat curing (at 75C) dtinds on the compressive
strength development of fly ash mixes after (ap@drs and (b) 48 hours

The mortar cubes were sealed with aluminium fdile Tubes were then placed in

an oven at 75°C. The compressive strength developsteows that with an n
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value of 0.075, activated fly ash mixtures canimategppreciable strength (>20
MPa) with a liquid-to-powder ratio of 0.4. FiguréHa) shows that after 24 hours
the strength of fly ash mortar cubes cured by meamdethod 2 (Open moist) is
higher than that of Method 1 (Open Dry) and MetBodHowever with time, the
compressive strength of mortars cured using Methahd 2 (Open) decreases
due to increased porosity with loss of water cagisirying shrinkage over time.
After 24 h, the Method 3 (closed) cured fly ash hagenerally porous matrix and
hence its strength is lesser when compared to dhale strength of mortars
obtained using other curing methods (1 and 2). Hewehe primary reaction
product, N-A—S—H gel, enriches in silicon contevgratime and gains reasonable
strength, as depicted in Figure 5.9 (b). Henceh wibsed curing conditions, the
curing time proved to be an essential factor in dlegquisition of mechanical
properties and favors the formation of small zenbtystals [Criado et al, 2010].
By means of closed curing, the excess amount efii@er favors the dissolution
of the vitreous component of the fly ash, stimulgtthe activation reaction and
yielding a well developed material, with high stgén over time. This suggests
the influence of curing duration on the compresstrength development when
cured using Method 3. Closed heat curing yieldseasd, compact material,
whose initially high aluminum content gives way gsdicon uptake and good
mechanical property development over time. Open tdng with the pastes in
direct contact with the atmosphere generates augnanporous material. The
aluminium-rich reaction products are very stablgéhva chemical composition
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that remains unchanged throughout the curing pspagdimately resulting in a
weaker material.

5.4.2 FTIR analysis of the activated fly ash pastes

Figures 5.10 (a) and (b) shows the influence oft lee@ing conditions on the
FTIR spectra of fly ash mixes. The main band indBh mixes are shifted to
higher wavenumber (988-1008 djncorresponding to alkaline alumino silicate
band (N-A-S-H gel in this case) [Criado et al. ZDIhe stretching vibrations of
Si-O-Si of closed cured mixes after 48 hours oftha&aing shows a higher
wavenumber compared to that of the pastes curemp&m conditions. This is
indicative of changes in the Si/Al ratio in the orajeaction product. With closed
curing, as the heat curing time increases, the amaiureaction product formed
increases, resulting in a higher wavenumber as aosdpto open cured pastes.
The width of the band observed is larger for closeded specimens when
compared to that of the open cured specimens. &ndistribution of vibrational
energies increases the bandwidth in the FTIR specfRuben et al. 1995]. The
broad band observed with closed curing can bepgrdegd as a change in the
structure of the molecular structure during gefatibhe additional water present
in closed heat cured specimens tends to observe ineat, decreasing the

molecular order thereby increasing its band width.
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Figure 5.10: Influence of heat curing (at 75C) dtads on the ATR-FTIR
spectra of fly ash mixes after 48 hours (a) Opeah(aip Closed
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5.5Summary

The influence of moist curing, binder compositiord activator concentration on
the compressive strength development and reactimtupt formation of sodium

silicate solution activated slag and fly ash-sldgntls are discussed in this
chapter. An optimal n value of 0.05 is determined $lag mortars. At higher
alkali content leaching of alkalis resulting inestgth reduction for higher silicate
modulus mixes. Electrical conductivity of solutiomswhich the specimens were
stored shows higher conductivity values for higlamd high M value pastes,

which explains the strength reduction of slag nrertar n values of 0.075 at high
moduli (1.5 and 2). FTIR analysis helps in deteingnthe reaction products in
slag and fly ash-slag blends. The influence of hmatng conditions on the
compressive strength development and reaction ptofiumation of fly ash

mixes were also reported in this chapter.
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6. CONCLUSIONS

6.1Early Age Response of Activated Slag and Fly aSttag Systems

The major conclusions made based on the earlyegponses of sodium silicate

activated slag and fly ash-slag blends are thevatg

e The maximum fly ash content that can be used iradly-slag blends to obtain

desirable setting is 70%. Higher n values are reguivhen the amount of slag
in the fly ash-slag blended mixtures is reduced.

The minimum n values at which desirable initialtisgt is obtained for the
mixtures are 0.03 for 100% slag, 0.05 &%fly ash-50%Slag, and 0.1 for
70%fly ash — 30%Slag.

In waterglass activated slag and fly ash-slag ldendrease in activator M
(from 1 to 2) results in a much larger impact ottiisg times. The mixtures
with lower n and higher Mvalues set faster than the mixtures with higher n
and lower M values. This trend is observed irrespective oflbircomposition.

A comparative analysis of the reaction kineticsvaterglass activated slag and
fly ash rich blended systems determined using eathl calorimetry is
presented. For the pastes activated using watsrdlesresponse was observed
to be similar to that of OPC hydration. However tineuction period in
waterglass activated slag paste is found to beiderably longer than that of
the OPC paste. The induction period can be shalteméh increase in

alkalinity (by increasing the n value or decreasithg M value). The
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waterglass activated slag pastes also have a mmuales acceleration peak
when compared to that of OPC.

The waterglass activated fly ash-slag systems simdywone large peak that is
generally observed within the first 2-3 hours. Tméy exception is the 50%fly
ash-50%slag blend with Mof 1 (higher alkalinity) that demonstrates a
broader, low intensity peak after 20 hours.

The maximum cumulative heat release (at 40°C) afehours in waterglass
activated systems is observed for slag pastes JA§0 However it is lower
than that of OPC (310 J/g) at the same temperature.

Increase in temperature has a profound effect erh#at release rates for the
fly ash rich blends. Kinetic modeling of the alkalctivation reaction of
waterglass activated slag and fly ash-slag systeassbeen carried out to
guantify the differences in reaction kinetics usiegponential as well as
Knudsen method. The constant K determined usingKimgdsen method is
considered as a rate determining parameter in dse of activated slag and
cement (when the difference in thgfvalues are not very large with increase
in temperature) however it cannot be consideredaasate determining
parameter in the case of fly ash rich blends (stheedifference in the Qx
values are very large with temperature especiatiynf25°C to 35°C). The
activation energy determined using rate constahtega(based on Arrhenius
law) are found to be higher for activated slag 736J/mol) when compared to

that of cement (46.8 KJ/mol).
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6.2 Compressive Strength and Reaction Products of/atetdl Slag and Fly ash —
Slag Systems

The main conclusions drawn based on the comprestremgth and reaction

product analysis of slag and fly ash-slag blendglae following

e Very high compressive strengths are obtained biotlady ages as well as later
ages (more than 70 MPa) with waterglass activdteggmortars.

e Optimal alkali contenis expressed by the Mato-source material ratio (n) in
the case of waterglass activated slag mortarsusddo be closed to 0.05
based on the experiments. Beyond this ratio, cosspre strength decreases
for high silicate modulus mixedhis is due to leaching of alkalis from the
system when the amount of alkalis present in trstesy is more than the
optimal range, which leads to increased porosity.

e A qualitative evidence of leaching is presented dmnducting electrical
solution conductivity. The impact of leaching ahe strength loss is found to
be generally higher for the mixtures made usingghdr activator M and a
higher n value.

e Compressive strength decreases with the increastheinfly ash content.
Increasing alkalinity of the activator facilitatpsoduction of moist cured fly
ash rich blends with compressive strengths in th&1Pa range.

e Attenuated Total Reflectance — Fourier Transfornfraked Spectroscopy
(ATR-FTIR) is used to obtain information about tteaction products. In the

waterglass activated slag pastes the major bamiesenting the asymmetric
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stretching vibrations of the silica tetrahedrat(s65i) has been shifted towards
higher values (940-960) ¢hcorresponding to C-S-H gel. Slag and fly ash-
slag pastes with a highersMalue shows C-S-H peak shifting to higher wave
numbers. The alkaline activation of fly ash-slagndls also shows only one
peak but at a higher wavenumber representing theattton of an alkaline
aluminosilicate (N-A-S-H when NaOH is used) of aptwus nature and 3D
network, of a zeolitic type. The FTIR spectrum cwderistic of the alkaline
aluminosilicate (SiO) at 997 cm-1 [Puertas et B0@ are not observed in the
IR spectra of the fly ash—slag pastes studied simpie influence of calcium
bearing slag in the reaction product (C-S-H) foioraof fly ash-slag blends.
Closed heat curing yields a dense, compact mateviabse initially high-
aluminium content gives way to good mechanical bgraent over time.
Open heat curing with the pastes in direct contaith the atmosphere
generates a granular, porous material.

The influences of heat curing conditions on theRF§pectra of fly ash mixes
were studied. The main band in fly ash mixes ardtesh to higher
wavenumber (988-1008) corresponding to alkalinenato silicate band. The
stretching vibrations of Si-O-Si of closed curedxes after 48 hours of heat
curing shows higher wavenumber compared to th#teopastes cured using in
open conditions indicating the changes in the Si&ilo in the chief reaction

product.
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