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ABSTRACT

Currently, the concrete industry utilizes Portland cement (PC) widely, whose production has
a significant environmental impact, while it is also a non-sustainable process. Efforts towards a
greener building industry involve employing several aluminosilicate materials that can be either
by-products obtained from other industrial activities, such as granulated blast furnace slag, silica
fume, and fly ash, or materials derived from less energy-intensive industrial processes, such as
metakaolin. Using these materials in the preparation of building materials also contributes to reduced
production costs.

Activation of aluminosilicate materials by alkaline activators leads to high-strength materials
that can be considered an alternative to ordinary Portland cement (OPC). Despite the numerous
advantages of alkali-activated aluminosilicates (AAA), a major drawback is the significant
autogenous and drying shrinkage that might occur during the material’s hardening. This
phenomenon leads to microcracking and deterioration of mechanical fracture properties. Polymer
admixtures can modify the properties of the fresh and hardened AAA material and overcome the
abovementioned problems.

This thesis investigates the influence of polymer admixtures, in different amounts by weight
of the aluminosilicate binder, on reducing shrinkage and fragility and increasing fracture toughness.
Polyethylene glycol (PEG), Polypropylene glycol (PPG), and different types of commercial
polymers of the Vinnapas® - family of dispersible polymer powders were selected as polymer
admixtures. Their effect on the properties of the obtained materials was compared with that of
powder shrinkage reducer Peramin SRA 40. The specimens were tested for flexural and compressive
strength, and their microstructure was investigated employing mercury intrusion porosimetry and
scanning electron microscopy

One of the chapters of the thesis deals with the study of different analytical techniques for
the characterization of main reaction products in alkali activated slag (AAS), such as X-ray
diffraction, Fourier-transformed infrared spectroscopy, and Confocal Raman microscopy
techniques. This study was carried out during the internship program “Erasmus+” in Madrid,
Instituto de Ceramica y Vidrio, Spain.

The results showed several correlations between the admixtures' type/amount and the
aluminosilicates binder's properties. The study reveals that incorporating organic polymers into
AAA systems affects the composite's rheology and ultimate mechanical properties. In AAS
systems — 1 % of PPG is the most effective admixture in reducing linear shrinkage, specimens with
1 % of Peramin SRA and 1 and 2 % of PPG have the best mechanical fracture properties. The most
brittle specimens are the mixture with 1 % of PEG 1000 and 2 % of Peramin SRA. In geopolymer
systems, the additions of PEG 400 and Vinnapas® 7016F introduce the best mechanical performance.
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ABSTRAKT

V soucasné dobé se v betonatském prumyslu ve velké mife pouziva portlandsky cement (PC),
jehoz vyroba ma zna¢ny dopad na zivotni prostiedi a zdroven se jedna o neudrzitelny proces. Snahy
o ekologictéjsi stavebnictvi zahrnuji vyuziti n€kolika aluminosilikati, které mohou byt bud’
odpadnimi produkty ziskanymi z jinych primyslovych vyrob, jako je granulovand vysokopecni
struska, popilek a kfemicita dymka, nebo materidly pochazejici z energeticky méné narocnych
pramyslovych procest, jako je metakaolin. Pouziti téchto materidlti pti vyrobé stavebnich materiala
rovnéz prispiva ke snizeni vyrobnich nakladi.

Aktivace aluminosilikatovych materidlti alkalickymi aktivatory vede k ziskdni vysoce
pevnych materiali, které lze povazovat za alternativu bézného PC. Navzdory mnoha vyhodam
alkalicky aktivovanych aluminosilikatli (AAA) existuje zdsadni nevyhoda, ktera se tyka vyrazného
autogenniho smrstovani a smrs$tovani pfi vysouseni, k némuz muze dochdzet béhem tuhnuti
materidlu. Tento jev vede k mikrotrhlindm a zhorSeni mechanickych lomovych vlastnosti. Polymerni
pfimési mohou modifikovat vlastnosti Cerstvého a vytvrzeného materidlu AAA a piekonat vySe
uvedené problémy.

Tato disertacni prace se zabyva vlivem polymernich pfisad v riznych hmotnostnich
mnozstvich aluminosilikdtového pojiva na snizovani smrsténi a kiehkosti a na zvySeni lomové
houZevnatosti. Jako polymerni ptimési byly vybrany polyetylen glykol (PEG), polypropylen glykol
(PPG) a riizné typy komerénich polymerti z fady dispergovatelnych polymernich pragka Vinnapas®.
Jejich vliv na vlastnosti ziskanych materidlt byl porovnavan s vlivem praskového ptipravku proti
smrsténi Peramin SRA 40. Vzorky byly testovany na pevnost v ohybu a tlaku a jejich mikrostruktura
byla zkouména pomoci rtutové porozimetrie a skenovaci elektronové mikroskopie.

Jedna z kapitol prace se zabyva studiem rtiznych charakteriza¢nich technik vzniku hlavnich
reak¢nich produkth v alkalicky aktivované strusce, jako jsou RTG difrakéni analyza, Fourierovou
transformovanou infracervenou spektroskopii a techniky Konfokalni Ramanovy mikroskopie. Tato
studie byla provedena béhem stdZe v ramci programu "Erasmus+" v Madridu, Instituto de Ceramica
y Vidrio, Spanélsko.

Vysledky tohoto vyzkumu ukézaly nékolik zavislosti mezi typem a mnozstvim piisad a
vlastnostmi aluminosilikatového pojiva. Studie ukazuje, Ze ptidani organickych polymerti do
systéml AAA ovliviiuje reologii a koneéné mechanické vlastnosti kompozitu. V systémech AAS -
1 % PPG je nejucinngjsi piisadou pii sniZovani linearniho smrs§tovani, vzorky s 1 % Peramin SRA
a 1 a2 % PPG maji nejlepsi mechanické lomové vlastnosti. Nejkieh¢i jsou vzorky s 1 % PEG 1000
a 2 % Peraminu SRA. V ptipadé geopolymernich systému pfindseji nejlepsi mechanické vlastnosti
piisady PEG 400 a Vinnapas® 7016F.
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Alkalicky aktivované materidly, geopolymery, struska, metakaolin, polymerni ptisady
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1 INTRODUCTION

Concrete is the most widely used construction material in the world. The production of PC
used in concrete requires a significant amount of energy input and causes various environmental
problems (e.g. emission of greenhouse gases such as CO>) [1, 2].

Each year concrete industry produces approximately 12 billion tons of concrete and uses
about 1.6 billion tons of PC worldwide [3]. Cement production is increasing by about 3 % annually
[4]. In addition, cement production consumes considerable amounts of raw materials (limestone and
clay). Indeed, with the manufacture of 1 ton of cement, approximately 0.94 tons of CO. are emitted
into the atmosphere [5].

In light of these problems, the scientific community seeks new processes, technologies and
materials to provide the construction industry with alternative binders.

One alternative is the use of alkaline activation. Nowadays, alkaline activation is a globally
growing technology involving a chemical reaction between a solid aluminosilicate precursor and an
alkaline activator at room temperature, giving a hardened product. Industrial by-products, such as
granulated blast furnace slag (derived from the steel-making industry), fly-ash (derived from coal
combustion), and calcined natural clays (metakaolin) are used, among others, as main precursors for
the production of alkali-activated materials [6].

In addition, there are numerous advantages of this AAA system, such as lower heat of
hydration [7], early development of higher strength [8, 9], better resistance to chemical attack [10,
11] and chloride diffusion [12], freeze-thaw resistance [13], fire resistance [14, 15], and stronger
aggregate—matrix interface formation [16, 17]. On the contrary, the AAA system presents some
drawbacks such as rapid setting periods [18], higher shrinkage values [19], higher formation of salt
efflorescence [20], higher carbonation [21], and a tendency to crack during setting [22, 23].

Researchers have tried to solve some of these problems by using different additives in the
AAA system. Consequently, one of the main objectives of this thesis is to investigate the influence
of different types of admixtures on the properties of AAA mortars considering their different dosage
aiming to increase the toughness and reduce the brittleness of the hardened AAA mortars.

In conclusion, it should be noted that granulated blast furnace slag and metakaolin are
suitable precursors to produce alkali-activated materials that can perform as a sole binder in the
production of mortars and concretes. These materials can show high strength, low permeability, high
resistance to acidic attack and good retention of mechanical strength when exposed to high
temperature, with comparable or even superior performance to what has been identified for reference
materials based on Portland cement.



2 THEORETICAL PART
2.1 HISTORICAL REVIEW

The development of alkali activated binders had a significant contribution in the 1940s with
the work of Belgian scientist Purdon [24], who tested more than 30 different blast furnace slags
activated by NaOH solution as well as by combinations of Ca(OH). and different sodium salts and
achieved rates of strength development and final strengths comparable to those of Portland cement
[25]. Victor Glukhovsky, a Ukrainian scientist at the KICE (Kyiv Institute of Civil Engineering in
the former USSR), discovered that sodium aluminosilicate hydrates (zeolites) are created from rocks
and clay minerals during alkali treatment. He called these materials “soil silicate concretes” and
“soil cement”[26]. The word soil is used because it seems like a ground rock, and the word cement
due to its cementitious capacity. The “soilcement” was obtained from ground aluminosilicate mixed
with rich in alkalis industrial wastes [27].

In 1972, a technology based on geosynthesis, natural kaolinite/quartz blended with mixed
solid sodium hydroxide and water, was developed at CORDI laboratory in Saint-Quentin, France
[28]. A significant contribution to the development and implementation of geopolymer composites
was provided by the extensive research by Prof. Waltraud M. Kriven [29].

Investigations in the field of alkaline activation had an exponential increase after the research
results by the French author Davidovits [27]. He developed and patented binders obtained from the
alkaline activation of metakaolin, describing them with the term “geopolymer” in 1978.

In the Czech Republic, the research of alkali-activated materials (AAM) as a structural
material was introduced by prof. Brandstetr from the Brno University of Technology in the early
1980s [30].

Frantisek Skvara from the Institute of Chemical Technology, Prague Department of Glass
and Ceramics, has investigated the problems associated with alkaline activation since 1973. The
attention has been focused on processes of alkaline activation of Portland cements, ground Portland
cement clinker, blast-furnace slags, kaolinite materials and other inorganic wastes [31]. Table 1
presents the most important historical events in the development of AAM [32].

Table 1. Bibliographic listing of some important events in the history.
Author Year Significance
Feret 1939 (Slags used for cement
Purdon 1940 |Alkali-slag combinations
Glukhovsky 1959 [Theoretical basis and development of alkaline cements
Glukhovsky 1965 |First called “alkaline cement’
Davidovits 1979 [“Geopolymer’ term
Lanoton and Roy 1984 |Ancient building materials characterized
Davidovits and Sawyer | 1985 [Patent of 'Pyrament' cement




Krivenko

1986

DSc Thesis. R20-R0O-SiO2-H20

Malck et al.

1986

Slag cement-low level radioactive wastes forms

Davidovits

1987

Ancient and modern concretes compared

Majundar et al.

1989

Ci2A7 — slag activation

Talling and Brandstetr

1989

Alkali-activated slag

\Wu et al.

1990

Activation of slag cement

Roy et al.

1991

Rapid setting alkali-activated cements

Roy and Silsbee

1992

Alkali-activated cements: an overview

Palomo and Glasser 1992 |CBC with metakaolin

Roy and Malek 1993 |Slag cement

Glukhovsky 1994 |Ancient, modern and future concretes
Krivenko 1994 |Alkaline cements

\Wang and Scrivener

1995

Slag and alkali-activated microstructure

Shi

1996

Strength, pore structure and permeability of alkali-activated
slag

Femandez-Jimenez and
Puertas

1997

Kinetic studies of alkali-activated slag cements

Katz 1998 [Microstructure of alkali-activated fly ash

Davidovits 1999 (Chemistry of copolymeric systems, technology

Roy 1999 |Opportunities and challenges of alkali-activated cements
Palomo 1999 |Alkali-activated fly ash - a cement for the future

Gong and Yang 2000 |Alkali-activated red mud-slag cement

Puertas 2000 |Alkali-activated fly ash/slag cement

Bakharev 22000012 Alkali-activated slag concrete

Duxson et al. 2007 |Geopolymer technology: the current state of the art

Provis and van Deventerl 2009 Geopolymers: structure, processing, properties and industrial

applications




2.2 ALKALI AKTIVATED SLAG
2.2.1 Ground blast furnace slag (GBFS)

Slags are by-products of the metallurgical industry and consist mainly of lime, calcium, and
magnesium aluminosilicates. The most common slag is produced in the iron and steel industry, so-
called blast-furnace slag [33], defined as the glassy granular material formed when molten blast-
furnace slag is rapidly chilled by immersion in water [34].

Blast-furnace slag is formed as a liquid at 1350-1550 °C during iron production; limestone
reacts with matter rich in SiO2 and A1,03 associated with the ore or present in ash from the coke.
Cooling rapidly enough to the temperature below 800 °C forms a glass, a latent hydraulic cement.
Cooling is most often affected by spraying droplets of the molten slag with high-pressure jets of
water. This gives a wet, sandy material which, when dried and the ground, is called ground
granulated blast-furnace slag (GBFS) and often contains over 95% of glass [35] with a fineness of
400 to 700 m?/kg Blaine [36]. Fig. 1 shows the slag particles observed with SEM.

The major oxides in the GBFS are lime (CaO), silica (SiO2), alumina (Al.O3), magnesia
(MgO) and some others (SO3, FeO or Fe203, TiO2, K20, Na20, etc.) in minor amounts. While the
oxide composition can vary from one blast furnace to another, the slag from one blast furnace
remains relatively consistent. Compared to the typical oxide composition of clinker, GBFS generally
contains less lime, more silica, alumina and magnesia than clinker. Typical blast-furnace slag
contains alkalines (Na*, K¥) at a mild level, and if quenched with sea water, the alkali level could
be relatively high [37].

The composition of the slag must be controlled within relatively narrow limits to ensure
satisfactory and economic operation of the blast furnace and depends on that of the ore. It, therefore,
varies considerably between plants, but that of a given plant is unlikely to vary much unless the
source of the ore is changed [38]. Table 2 gives mean values and deviations for slags typical of those
produced in Western Europe. For a broader range of steel-producing countries, the contents of major
components are MgO, 0-21 %; A1,03, 5- 33 %; SiO2, 27-42 %; and CaO. 30-50 %.

Table 2. Chemical compositions of some blast-furnace slags [39].

Mean Minimum Maximum Mean Minimum Maximum

Na»O 0.39 0.25 0.50 TiO» 0.55 049 0.65
MgO 5.99 3.63 8.66 MnO 0.64 0.34 1.31
AlO3 13.29 10.26 16.01 FeO 1.24 0.29 9.32
Si0; 3348 3196 37.29 §2- 094 068 1.25
P>0s 0.13 0.00 0.34 F~ 0.16 0.06 0.31
SO;3 0.04 0.00 0.19 Cl- 0.02 0.003 0.05
K»>O 0.70 0.44 0.98 Ign. Loss 042 0.00 1.04
CaO 4224 3792 4438 Total 99.68
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Fig. 1 SEM photo of slag particles [40].
2.2.2 Reaction mechanism and hydration products

The slag is known for its latent hydraulic property, i.e., it is reactive with water, but only at
such a slow rate that it is normally mixed with activators, which can remarkably accelerate the
reaction of slag [41]. The most commonly used activators for GBFS are sulfates, Portland cement,
sodium silicate, calcium hydroxide, and sodium hydroxide. A big portion of these activators contains
alkali metal (e.g., Li, Na, K); thus, they are called alkali activators. The materials from GBFS and
alkali activators are denoted as alkali-activated slag (AAS). Typical AAS consists of GBFS with
3.5-5.5 % (in mass) of Na2Oeq added, usually water glass [42, 43].

Several research studies have shown that slag reactivity in alkaline activation processes
depends mainly on its component phases and vitreous structure. Some authors [44] think that the
vitreous phase content should be over 90% for slag activation to be highly effective; others [45]
conclude that slag with a low vitreous content (30 to 65%) may be suitable for these purposes.

Glukhovsky and Krivenko [45, 46] proposed a model that would explain the alkaline
activation of SiO.- and CaO-rich materials such as blast furnace slag through the series of reactions
summarised below in sequence.

=S8i-0"+R"'==8i-O-R
=5i-0-R + OH'==5i-0-R-0OH"
=Si-0-R-OH+Ca™* ==8i-0-Ca-OH+R"

In that sequence, the alkaline cation (R*) acts as a mere catalyzer in the initial phases of
hydration via cationic exchange with the Ca?* ions. These same authors believed that the alkaline
cations are taken up into the structure as the reactions advance.

Fernandez-Jiménez et al. [45] reported that the nature of the anion in the solution also plays
an instrumental role in alkaline activation, especially in the early stages of hydration and in particular



concerning paste setting. Their model for the reaction mechanisms (based on a model proposed by
Glasser in 1990) is depicted in Fig. 2.

i i C-S-H -
Alkaline solution IoEnaHioR Outer C-S-H

[OH]

Inner C-S-H

Blast Furnace Slag

Fig. 2 Reaction mechanism in an alkali-activated slag particle [45].

In alkaline cements developed from materials with high calcium content, such as blast
furnace slag, activation generates reaction products that resemble those precipitating during Portland
cement hydration. The main reaction product formed is a C-A-S-H (the structure is presented in
Fig. 3) gel whose composition (lower Ca/Si ratio: 1-1.2) and structure vary from the typical C-S-H
formed from OPC. Several secondary products may form, including hydrotalcite, calcite and bases
such as AFm, depending on activator type and concentration, slag structure and composition, and
the curing conditions under which the paste hardens [47, 48]. The microstructure of the gels formed
during slag activation has been explored by several authors [49, 50].
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Fig. 3 Generalized structure of the C-(N)-A-S-H type gel [51].

Several formulations of the reaction mechanism of alkaline activation of GGBS have been
proposed in the literature. According to Krivenko [52], alkaline cations play a catalytic role in the
early stages of hydration in a process involving interchange with Ca* cations. However, in the later
stage, they are combined into the structure to form zeolite-like phases. Jiang [53] found that the role
of alkali hydroxides was twofold, to provide OH™ ions at the initial stage and to become part of the
reaction products at a later stage. Taylor [54] stated that the role of alkalis in alkali-activated slag is
similar to that in blended GGBS-OPC cement, i.e. to maintain the supply of OH™ anions in the
system. The coating formed on the surface of slag grains after they were mixed with water will
prevent further hydration. An alkaline environment is needed to break down this layer. In blended
slag—OPC, this alkaline environment will be maintained by the Ca(OH)2 from the hydration of OPC.
However, as the level of replacement increases, the quantity of Ca(OH): is insufficient; therefore,
an external source of alkalis is needed.

As observed in many experiments [55-59], a hydrated calcium silicate gel, namely C-S-H
(Ca-Si-OH, see Fig. 3), is the most abundant product in hardened AAS pastes. The Ca/Si ratio in


http://materconstrucc.revistas.csic.es/index.php/materconstrucc/article/viewArticle/1492/1762#F0004

C-S-H is generally close to that of the unhydrated slag [60]. According to Taylor [61], this type of
C-S-H gel is C-S-H(l) with Ca/Si ratios below 1.5, whereas in Portland cement, it is C-S-H(Il) with
Ca/Si ratios of approximately 2. Brough and Atkinson [62] further examined this hydration product;
they found that the inner product regions of hydrates of AAS mortars contained C-S-H gel with
Ca/Si ratio of ~ 0.9 mixed with a high Mg hydrotalcite. In contrast, the outer product regions have
Ca/Si ratio of ~ 0.7 and lower Mg hydrotalcite.

Shi and Day [63] studied the evolution of the AAS binder's hydration using a calorimetric
method. They proposed three models of hydration of AAS cements, as shown in Fig. 4. The type |
model: one peak occurs during the first few minutes, and no more peaks appear after that. An
example is the hydration of slag in water or in Na2HPOj4 solution at both 25 and 50 °C. Type II: only
the initial peak appears before the induction period, and one accelerated hydration peak appears after
the induction period. Hydration of slag activated by NaOH at 25 and 50 °C belongs to this type.
Type |1l two peaks, the initial and the additional initial peaks, appear after the induction period.
This type of hydration includes the slag activated by Na.SiOs and Na.COs at 25 °C and NaF at both
25 and 50 °C [54].
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Fig. 4 Schematic representation of hydration models of alkali slag cements [63].

Brough and Atkinson [62] studied the microstructure of AAS gel; they found that after early
hydration, the microstructure of AAS gel consisted of a homogeneous gel and considerable
microcracking, especially against the aggregate interface. However, when complete hydration has
occurred, the degree of drying shrinkage cracking is significantly reduced at a later age. Under SEM
observation, the microstructure of AAS was very smooth, homogeneous, and interconnected solid



in all samples. Pores between grains look very tortuous, and some of them appear isolated from
each other.

2.2.3 Characterization of main reaction products in alkali-activated slag materials

The main reaction product formed in OPC concrete is C-S-H gel, which significantly
influences the strength, durability, and other physical and chemical properties of hydrated OPC [64].
In materials with high calcium content, such as blast furnace slag, activation generates reaction
products that resemble those precipitating during OPC hydration. The main reaction product is a
silicoaluminate calcium hydrate gel (CaO(-Al203)-SiO2-H20), commonly called C-A-S-H gel, that
confers high mechanical properties of the material. Several secondary products may form, including
hydrotalcite and calcite, depending on activator type and concentration, slag structure and
composition, and the curing conditions under which the paste hardens [51].

C-A-S-H gels can be regarded as a new phase of aluminum in the C-S-H structure gel, and
it is the principal binding phase in hardened OPC pastes and concretes. It is generally believed that
the C-A-S-H gels and the C-S-H gels have a similar tobermorite structure [49, 65]. However, the
low crystallinity of the C-A-S-H phase is a limiting factor to understand. Its structure, and the effects
of Ca, Si and Al cations in the reactivity of the alkali-activated binder have been evaluated by several
characterization techniques, such as X-ray diffraction (XRD) [66, 67], Fourier-transform infrared
spectroscopy (FTIR) [68], differential thermal analysis (DTA), thermogravimetry (TG), %Si and
2 Al MAS NMR [69] and Raman spectroscopy [70].

2.3 METAKAOLIN BASED GEOPOLYMERS
2.3.1 Metakaolin

Metakaolin is a highly reactive amorphous aluminosilicate produced by the calcination and
dehydroxylation of kaolinitic clay. Metakaolin consists of porous, angular-shaped, platy particles
with a mean size ranging from 0.5 to 20 pm [71].

Metakaolin is obtained by heating kaolin-containing clays expressed as follows:
. 560—580°C ..
Al (Si,O;)(OH), —— Al, O, -2Si0, +2H,0

kaolin metakaolin

Research has indicated that the metakaolin produced under the heating temperature of 600
to 900 °C shows the highest pozzolanic reactivity. If the temperature exceeds 900 °C, crystalline
mullite AleSi>O13 or spinel MgAl>04 and amorphous silica will form. At higher temperatures, there
is the formation of cristobalite. And then, the reactivity of metakaolin decreases [72]. The
exothermal dehydroxylation reactions are represented below [73].
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kaolinite metakaolin

925°C : 2[Al,04 - 25i0,] —2Al,05 - 35i0, + Si0,

silicon — spinel

1100°C : 2A1,0, - 35i0, —2[Al,05 - Si0,] + Si0,

1:1 mullite — type phase

>1400°C : 3[AL,0, - Si0,] —3A1,0; - 25i0, + Si0,

3 : 2 mullite
Metakaolin can react with lime and produce both C-S-H and hydrated gehlenite:
AlzO3 ¢ 2Si02 + 3Ca (OH)2 + nH20 — C-S-H + C,ASHg.
The chemical composition of metakaolin depends on the composition of the raw materials
from which metakaolin is produced. In the Czech Republic, the main raw materials are kaolins and
shales from the North Bohemian Basin. The kaolinite content ranges between 80-95%, and the most

important impurities are Fe2Os and TiOz [74]. A typical range of composition of metakaolin in Czech
Republic is shown in Table 3.

Table 3.Chemical composition of metakaolins produced in the Czech Republic [74].

Component | SiO2 | Al,O Fe:Os | TiO2 |[CaO | MgO |NaO |K20 LOI
Composition | 52,0 | 37,5- 0,5~ 0,5~ 0,1- 0,2— 0,01- |0,6- 0,4-
(%) 59,0 42,5 3,5 1,4 0,4 0,5 1,0 1,7 3,1

However, pozzolanic activity and other properties depend not only on the chemical
composition but also on the particle size. The finer the particles are milled, the larger the surface
area, and the more reactive they are. Metakaolin can react with alkalis and form cementing
materials [75].

2.3.2 Reaction mechanism and hydration products

Geopolymers are also referred to as alkali activated aluminosilicate binders. They comprise
three classes of inorganic polymers that, depending on the ratio of silica to alumina (silica/alumina),
are based on the following three different monomeric units: (-Si—-O-Al-O-), polysialate,
Si02/Al03=2; (-Si-O-Al-0-Si-0-), polysialatesiloxo, SiO2/Al,03= 4; (-Si—-O—Al-O-Si-O-Si—
0-), polysialatedisiloxo, SiO2/Al.03=6 [76].
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Geopolymerization is a complicated process
responsible for the formation of geopolymers. Understanding
the geopolymerization process and its influencing factors
helps apply geopolymeric materials. Due to the properties of
excellent heavy metal immobilization, high-temperature
stability, quick solidification with high strength and biological
compatibility, geopolymers are potentially used in the fields
of waste treatment, fireproof construction and military
engineering and even as biomaterials [77].

From the perspective of the changes in response to the
reaction heat, the geopolymerization stages of alkalis—
metakaolin system can be divided into three stages: |
deconstruction, 1l polymerization and Ill stabilization, as
shown in Fig. 5. However, these stages can hardly be
separated since they may occur simultaneously [78].

Fig. 5 Sketch of the geopolymerization process, including the deconstruction of MK by the
activation of alkaline solution [78].

Calcining temperatures range from 500 to 750 °C for 2 to 10 hours and result in the formation
of X-ray amorphous metakaolin. However, the calcination process can sometimes result in
crystalline phases such as spinnel, cristobalite, and mullite that are deleterious for processing
geopolymers due to their lower reactivity in alkaline solutions [79]. Fig. 6 shows the structure of a
layered, uncreated aluminosilicate source that might be present in geopolymers due to incomplete

reaction [80, 81].
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Fig. 6 Layered, uncreated aluminosilicate source in geopolymer [81].

24  ACTIVATORS

The slag is known for its latent-hydraulic property, i.e. it is reactive with water, but only at
such a slow rate that it is typically mixed with other substances called activators, which can
remarkably accelerate the reaction of slag. The most commonly used activators for GGBFS are
sulfates, Portland cement, sodium silicate, calcium hydroxide, and in rare cases, sodium hydroxide.
A significant portion of these activators contain alkali metals (e.g. Li, Na, K); thus, they are called
alkali activators. The composed materials made from GGBFS and alkali activators are denoted as
alkali-activated slag (AAS) [41].

Activators are the second essential component in alkaline design and development.
Activators used are mostly alkali silicates, hydroxides, carbonates or mixtures thereof, but, also other
additions like sodium aluminates or cement kiln dust can be applied. The most commonly used ones
are listed below, where M is the alkali metal Na or K [82]:

1. caustic alkalis: MOH;

2. non-silicate weak acid salts: M2COs, M2SO, M3PO4, MF, etc.;
. silicates: M20-nSiO2;
. aluminates: M20-nAl,Og;
. aluminosilicates: M20-Al203-(2-6)SiOo;
. non-silicate strong acid salts: M2SOa.
While common activators include NaOH, Na>SOa, water glass, Na.COz, K>.CO3, KOH,
K2S04 and cement clinker, the most utilized alkaline activators are a mixture of sodium or potassium
hydroxides (NaOH, KOH) and sodium water glass (nSiO2-Na;O) or potassium water glass
(nSi02-K20). Water glass, also called sodium silicate or soluble glass, is a compound containing
sodium oxide (Na2O) and silica (silicon dioxide, SiO.) that forms a glassy solid with the
advantageous property of being soluble in water [83].

Glass from the silicate furnace is dissolved in water at an elevated temperature, 120 °C, in
an autoclave and under pressure to yield a solution. At room temperature, the glass is hardly soluble.
Water glass can be produced as solid lumps or powders or as a clear, syrupy liquid [84].

The activation process of slag varies with the chemical properties and phase compositions of
slags and the type and concentration of activators. Slags have a variable composition depending on
the raw materials and the industrial process; hence, each slag responds differently to the activation
process. For every slag, it is necessary to plan a research program to determine the most suitable

o O AW
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activator type and content. Sodium hydroxide and sodium silicate (water glass) are the most
commonly used activators. Sodium silicate is also considered the most effective activator. The most
important parameters of water glass are the ratio of SiO2/Na>O and Na,O content [85].

In the slag activation, the water glass is believed to contribute to strength development: as
an alkaline activator and an inducer of a high silica primary gel formation. This gel forms when
soluble silicates react with the Ca?* ions in the slag to form a C-S-H/C-A-S-H-type, silica-rich,
calcium silicate hydrate. The reaction products formed often exhibit high strength, significant drying
shrinkage, and short setting times, while the formation of Qz(nAl) units in their structure is also
favoured [46] . Depending on slag nature and fineness, and curing conditions, the optimal Na,O
content is regarded to be around 4 % of slag weight, and the optimal SiO2/Na,O molar ratio on the
order of 0.75-1.25 for acid slag, 0.9-1.3 for neutral slag and 1.0-1.5 for basic slag [86]. In the water
glass activation of aluminosilicates, the soluble silica induces the development of a microstructure
that resembles many types of glass (absence of pores and a uniform and compact
microstructure) [87].

For basic slag, alkaline activators from the first 3 groups can be used independently of the
hardening conditions. For neutral and acid slag, activators from the first and third groups ensure
hardening under normal conditions. In combination with activators from groups 1 or 3, activators
from group 2 can be used for neutral and acid slag. Although NaOH, NaSO4 and Na>CO3 are often
used as activators of slag and can be effective, most research has found that activation with sodium
silicate or sodium silicate blended with NaOH has given the best strength [54].

The dosage of the activator in terms of % Na-O is defined as the ratio of the Na,O content
of the alkaline activator to the mass of the binder (GGBS for AAS or fly ash for FA-based
geopolymer). In contrast, the activator modulus (M:s) is the mass ratio of the SiOz to the Na2O in the
alkaline activator [88]. Wang found that both dosage and modulus of activator significantly
influence the strength of AAS mortar. In an activator containing sodium silicate or blended sodium
silicate and sodium hydroxide, there is a competing effect of the dosage and modulus of the activator,
which results in an optimum value for both the dosage and modulus of the activator [54].

The silicate modulus (Ms) is the SiO2/M20 molar ratio. Theoretically, silica SiO. and metal
oxide M20 can be combined in all proportions. The practical range for commercial silicates is
determined by their solubility and instability at room temperature. Therefore, the Ms ranges in
practice from 0.4 to 4.0 for sodium silicates [89].

The viscosity of alkali silicate solutions changes very little regardless of the ratio when the
Na2O concentration is smaller than about 7 % but increases drastically with the ratio if the Na,O
concentration is higher than approx. 7 %. For a given temperature, the viscosity of a sodium silicate
solution increases as the concentration and modulus of the solution increase, as shown in Fig. 7. For
a given modulus, there is a “threshold” concentration, above which the viscosity of the solution
starts to increase drastically [90].
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Fig. 7 Effect of concentration of Na2O and silicate modulus on the viscosity of sodium silicate
solution at 20 °C (numbers in the figure are molar ratios).

25 POLYMER ADMIXTURES
2.5.1 Classification of admixtures

Concrete admixtures are ingredients in concrete other than Portland cement, water, and
aggregates that are added to the mixture immediately before or during mixing [91]. Concrete
admixtures are liquid or powder additives. They are added to the concrete mix in small quantities.
Dosage is usually defined based on cement content. Concrete admixtures significantly impact the
fresh and/or hardened concrete properties. Admixtures can act chemically and/or physically [92].
The permitted dosage of admixtures according to EN 206-1 is < 5% by weight of the cement [93].

Concrete admixtures can be divided by Mindess et al. according to their physico-chemical
mechanisms or actions into four different categories [94]:

1. Air-entraining agents (ASTM C260) that are added primarily to improve the frost

resistance of concrete;

2. Chemical admixtures (ASTM C494 and BS 5075) that are water-soluble compounds
added primarily to control the setting and early hardening of fresh concrete or to reduce
its water requirements;

3. Mineral admixtures that are fine solids added to concrete to improve durability or to
provide additional cementing properties;

4. Miscellaneous admixtures, which include all those materials that do not come under one

of the previous categories, many of which have been developed for specialized
applications.

Types of admixtures per American Concrete Institute Committee report and
IS 9103:1999 [95]. The standard states the following types:

— Accelerating admixtures;

— Retarding admixtures;

— Water-reducing and set controlling admixtures;
—  Air-entraining admixtures;

— Superplasticizing admixtures;

15



— Admixtures for flowing concrete;

— Miscellaneous admixtures.

Accelerating admixture accelerates the rate of hydration (setting) and strength development
of concrete at an early age. Calcium chloride (CaCly) is the chemical most used accelerating
admixture, especially for nonreinforced concrete [96].

Retarding admixtures are used to delay the rate of setting of concrete. Retarders do not
decrease the initial temperature of concrete. High temperatures of fresh concrete (30 °C) are often
the cause of an increased rate of hardening that makes placing and finishing difficult. The bleeding
rate and bleeding capacity of concrete are increased with retarders. Retarding admixtures help extend
the setting time of concrete. However, they are often also used in attempts to decrease slump loss
and extend workability, especially prior to placement at elevated temperatures [97].

Water-reducing admixtures, the name itself defines that they are used to minimize the water
demand in a concrete mix. Workability is the crucial property of concrete which is improved with
the addition of water. However, if more water is added than required, concrete's strength and
durability properties are affected. In addition to increasing workability, it also improves the strength
of concrete, good bond between concrete and steel, prevents cracking, segregation, honeycombing,
bleeding, etc. Admixture of this type, when used as workability aids on water reducers, does not
adversely affect the shrinkage [91].

Water-reducing admixtures are also called plasticizers, and these are classified into three
types: plasticizers, mid-range plasticizers and superplasticizers. Standard plasticizer reduces the
water demand by up to 10%, mid-range plasticizers reduce the water demand by up to 15%, while
super plasticizers reduce the water demand by up to 30% [98].

Air-entraining admixtures are generally used to improve workability, ease placing, increase
durability and resistance to frost action and reduce bleeding. The common air-entraining agents are
natural wood resins, neutralized vinsol resins, polyethylene oxide polymers and sulfonated
compounds [99].

Superplasticizer — admixture which permits a high reduction in the water content of a given
mix without affecting the consistence, or increases the slump/flow considerably without affecting
the water content; or produces both effects simultaneously [100].

There are many miscellaneous concrete additives for use as pumping aids and as damp-
proofing, permeability-reducing, gas-forming agents. Pumping aids are used to decrease the
viscosity of harsh or marginally pumpable mixes. Organic and synthetic polymers, fly ash, bentonite,
or hydrated lime may be used for this purpose. Damp-proofing admixtures include soaps, stearates,
and other petroleum products. They are intended to reduce the passage of water and water vapor
through concrete. Gas-forming admixtures are used to form lightweight concrete. They are also used
in masonry grout, where the grout should expand and bond to the concrete masonry unit. This is
typically an aluminum powder [91].

A polymer-based (or polymeric) admixture, also called a cement modifier, is defined as an
admixture that consists of a polymeric compound as a main ingredient effective at modifying or
improving the properties such as strength, deformability, adhesion, waterproofness and durability of
cement mortar and concrete. Such a polymeric compound is a polymer latex, re-dispersible polymer
powder, water-soluble or liquid polymer [101].
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Plasticizers or

mid-range water-reducing admixtures are natural

polymers,

lignosulphonates were the first water-reducing admixtures used in concrete as a plasticizer.
Lignosulphonate is among the cheapest concrete admixtures available on the market [94].

Synthetic linear polymers are a category which includes some of the most commonly used
superplasticizers, such as polynaphthalene sulphonates, polymelamine sulponates and vinyl

copolymers [102].

Fig. 8 shows the classification of polymer-based or polymeric admixtures. In general,
polymer-based admixtures are classified into four main types, i.e., polymer latex (or polymer
dispersion), re-dispersible polymer powder, water-soluble polymer and liquid polymer [103].

Natural rubber (NR) latex
__ Elastomeric Styrene-butadiene
latex Synthetic ubber (SBR)
rubber Chioroprene rubber (CR)
latex Methyl methacrylate-
butadiene rubber (MBR)
— Polyacrylic ester (PAE)
— Poly(ethylene-vinyl acetate) (EVA)
__ Polymer _| _ Thermoplastic_____|— Poly(styrene-acrylic ester) (SAE)
latex latex — Polyvinyl propionate (PVP)
— Polypropylene (PP)
__ [Polyvinyl acetate (PVAC)*)
ey OSCAing — Epoxy (EP) resin
latex
Asphalt
Bituminous
Polymer- latex Eubbf;:zed asphalt
based L Mix X ara
admixture od late .
— Poly(ethylene-vinyl acetate) (EVA)
Il}&ditspt’-rwiblf: — Poly(polyvinyl acetate-vinyl versatate)(VAVeova)
— polymer —|_ —
powder Poly (styr.ene acrylic ester) (SAE)
— Polyacrylic ester (PAE)
— Cellulose derivative —— Methyl cellulose (MC).
Water- Hydroxy ethyl cellulose (HEC)
soluble . '
polymer —T— Polyvinyl alcohol (PVA, Poval)
(Monomer) L polyacrylamide
— Acrylate — Calcium acrylate, Magnesium acrylate
Liquid Epoxy (EP) resin
polymer _—E Unsaturated polyester (UP) resin
Fig. 8 Classification of polymer-based (or polymeric) admixtures [103].
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2.5.2 Polymer admixtures as modifiers in cementitious binders

Portland cement concrete is one of the most versatile and cost-effective construction
materials. Polymer-modified concrete was developed in the 1960s to overcome some of the
limitations of concrete, such as low tensile and flexural strength, high porosity and low resistance to
certain chemicals. The relatively high cost of monomers has limited the commercial viability of
specific polymer-modified concrete [104].

Nevertheless, ordinary concretes encounter serious problems, including low tensile and
flexural strength, low strain capacity, brittleness, permeability, and long-term durability, which need
to be improved. The advancement in polymer admixtures has offered alternative solutions to
overcome a range of those limitations [105].

Polymers can be incorporated into concrete in two ways: they can be added to the concrete
in its fresh state (e.g., latexes), or they can be impregnated into the hardened concrete and cured in
a specialized place (e.g., methyl methacrylate monomer) [106].

Polymers are usually added to cement in the ratio of about liquid monomer particles in 0.05
to 0.20 kg of pure polymer per kilogram of cement, which is specified as the polymer/cement
ratio [107].

Polymer modification of hydraulic cementitious mixtures is governed by cement hydration
and polymer coalescence. Generally, cement hydration occurs first. The polymer particles become
concentrated in the void spaces as the cement particles hydrate and the mixture sets and hardens.
Figures 9 and 10 indicate the type of change that occurs during polymer modification [108-110].
With continuous water removal by the cement hydration, evaporation, or both, the polymer particles
coalesce into a polymer film interwoven in the hydrated cement resulting in a mixture or co-matrix
that coats the aggregate particles and lines the interstitial voids. Unlike conventional cementitious
mixtures, the polymer-modified cementitious mixture does not produce bleeding water. During its
fresh state, polymer-modified mixtures are more sensitive to plastic-shrinkage cracking than
unmodified mortar or concrete because of the water-reducing influence of the polymer’s surfactant
system. This phenomenon (plastic-shrinking cracking) is caused by water evaporation at the surface.
Two things can happen, both of which contribute to the problem. The polymer particles may
coalesce before noticeable cement hydration occurs, and the cement paste may shrink before
sufficient tensile strength develops to restrain crack formation. Care should be taken to restrict this
surface evaporation by using various cover systems. Because latex particles are typically greater
than 100 nm in diameter, they cannot penetrate the small capillaries in the cement paste that may be
as small as 1 nm. Therefore, latex can be most effective in larger capillaries and voids. Some of the
polymers used in Portland cement mixtures contain reactive groups that may react with calcium and
other metallic ions in the cement and with the silicate and other chemical radicals at the surface of
the aggregates [111]. Such reactions would improve the interparticle bonds and hence, the strength
of the mixture. Hardened Portland cement paste is predominantly an agglomerated structure of
calcium silicates, aluminates, and hydroxide bound together by relatively weak van der Waals
forces.

Consequently, microcracks are induced in the paste by stresses such as those caused by the
evaporation of excess mixing water (drying shrinkage). Polymer modification helps in two ways.
Not only do the polymer particles reduce the rate and extent of moisture movement by blocking the
passages, but when microcracks form, the polymer films ridge the cracks and restrict propagation.
This phenomenon is depicted in Fig. 11 [108].
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An optimum balance of mortar properties is generally obtained by incorporating
approximately 15 % polymer solids by weight of Portland cement. The correlation between polymer

and performance properties is shown in Fig. 13 [112].
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Portland cement concrete

Fig. 11 Micrographs of latex-modified and portland cement concrete
(magnification 12000x) [108].

Polymeric latexes are widely used to modify cement-based concretes' physical and
mechanical properties [113]. Latex is an aqueous dispersion of spherical polymer particles which
are generally incorporated into cement mixture by a mixture-proportioning method as an admixture.

Polymer latex consists of small (0.05 to 1.0 um — diameter) spherical particles held in
suspension using surface-active agents. Polymer latexes are generally copolymer systems (see
Fig. 12) of two or more polymers with the possible addition of plasticizers or other modifiers, and
typically contain around 50 % solids by weight [114].
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Research has shown that latexes involve their properties, including flexibility, damping
ability, chemical resistance and barrier effect to the concretes [115]. The film formation of latex
results from the coalescence of latex particles when water is consumed by cement hydration and
evaporation. This latter is the reason for the decreased water permeability of latex modified
concretes. The durability of concrete is directly related to its permeability. The different gases and
chemical substances can penetrate pores and cracked areas and attack the concrete and reinforcement
elements. The incorporation of latexes improves the chloride penetration resistance of the concrete
and reduces the general ionic permeability [116]. Polymer latexes affect concretes’ mechanical
properties by forming latex films and membranes on the concrete’s capillary pores [113]. The latexes
reduce the concrete water content due to the presence of a high-range superplasticizing agent in latex
constituents, producing concrete with improved mechanical properties [101].

The main elastomeric polymers used in latexes are natural rubber, styrene-butadiene,
polyacrylonitrile butadiene and polychloroprene. The main thermoplastic polymers used are [117]:

1. polyvinyl acetate or copolymers of vinyl acetate with monomers such as vinyl chloride,
vinylidene chloride, dibutylmaleate and vinylpropionate;

2. polystyrene or copolymers of styrene with different acrylate monomers;

3. polyvinylchloride or copolymers of vinylchloride with monomers such as vinylidene
chloride and vinylpropionate

4. polyacrylates and their copolymers.

The effect of the latex on mortar or concrete will increase the bond of a fresh mortar with
existing concrete surfaces with the amount of polymer added. However, a polymer/cement ratio of
about 0.10 to 0.20 is generally used in practice [118]. Most types of latexes have a plasticizing effect
on PC mortars, similar to concrete plasticizers.

Redispersible polymers are polymers in powder form that are used to modify hydraulic
cement mixtures. Such powders are referred to as re-dispersible because they convert to latex after
mixing with water. In 1953, a patent was applied for using these polymer powders as polymer
modifiers for hydraulic cementitious mixtures [119]. Like latexes, these polymers are made by
emulsion polymerization, and the resultant latex is converted to powder form, usually by a process
known as spray drying. The commercially available re-dispersible powders are vinyl acetate
homopolymers, vinyl acetate copolymers, and acrylic copolymers.

Redispersible powders are usually free-flowing white powders with ash contents of 5 to 15%.
The ash content that primarily comes from the anti-blocking aid varies depending on the type of
material. The bulk density of the powder is relatively low, being less than 25% of Portland cement.
The particle size of the powder averages about 0.08 mm; however, these particles are agglomerates
that break up on redispersing in water to give typical latex-particle sizes (1 to 5 mm).

The mixture proportioning of cement mixtures modified by re-dispersible powder polymers
is similar to that of other polymer-modified systems, considering that the polymer admixture is free
of water.

Water soluble polymers

These types of polymers are usually added to mortars or concrete in the form of aqueous
solutions. Water soluble polymers have been divided into two categories — synthetic and natural.
Synthetic water-soluble polymers are substances that dissolve, disperse or swell in water and, thus,
modify the physical properties of aqueous systems in the form of gelation, thickening or
emulsification/stabilization. These polymers usually have repeating units or blocks of units; the
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polymer chains contain hydrophilic groups that are substituents or are incorporated into the
backbone. The hydrophilic groups may be nonionic, anionic, cationic, or amphoteric (or
zwitterionic) [120]].

Water soluble polymers are usually used with a very low polymer/cement ratio; the fresh
mix workability was significantly improved compared to typical cement mortar mixtures due to the
impact of polymeric materials on plasticizers and air-entraining agents. The modified mortar
structure demonstrates greater water retaining capacity than normal cement structures [121].
Moreover, well spreading of cement mortar and an increase in direct tensile strength is achieved due
to improvement in bond strength between cement grains and aggregate among cement mortar. A
significant decrease in interfacial transition zone thickness nearby aggregate particles and
meaningful reduction in Ca(OH)2 crystal could be achieved due to the use of polymers and by
potentially replacing those with the C-S-H phase. Addition of water-soluble polymers reduces
bleeding and improves the homogeneity of mortar or concrete by controlling segregation of fresh
mixtures [122]. On the other hand, water-soluble polymers have often decreased the mechanical
properties of mortar and concrete because of the increased air entrainment [120].

The most popular synthetic water-soluble polymers are polyethylene glycol (PEG), polyvinyl
alcohol (PVA) and methylcellulose.

Fu and Chung [123] studied the effect of small additions of methylcellulose (0.2% — 0.8%
by weight of cement). The tensile strength was increased by up to 72%, the tensile ductility by up
to 620%, while the compressive strength was decreased by up to 30% and the compressive ductility
by up to 34% . The addition of methylcellulose (0.4% by weight of cement) or latex (20% by weight
of cement) to cement paste gave similarly significant increases in the shear bond strength between
stainless steel fibers and cement paste, despite the low concentration, and therefore, lower cost of
methylcellulose compared to latex. The microstructure of the interfacial transition zone is influenced
by modification with water-soluble polymers. Because of the alteration of the microstructure of the
interfacial transition zone, the admixing of small amounts of water-soluble polyvinyl alcohol was
reported to have doubled the pullout strength and friction of steel fibers in cement paste by
Chuetal. [124] .

Liquid resins are thermosetting type polymers such as polyester and epoxies, which can also
be added to mortars and concretes in a liquid form. Liquid resins have several advantages over
latexes. Epoxy resins have been widely used as admixtures in the concrete industry due to their high
inherent strength, high bond strength and chemical resistant properties [125].

Usually, epoxy resins require a hardener, which is generally amines or organic acids, to initiate
the curing process and to form crosslinked networks. However, some studies have pointed out that
epoxy resin can be cured in the presence of hydroxide ions or alkalis (i.e. Ca(OH).) formed from the
hydration of Portland cement [125]. Hardener-free epoxy-modified cements can provide a self-
healing or self-repairing function for microcracks [126]. It is estimated that a degree of crosslinking
of epoxy resin (without a hardener) of about 50 % is achieved with a polymer content of 20% in the
cement. The excess of unhardened resin remains initially in the pores of the hardened cement paste.
As microcracks are formed, the resin is gradually released to crosslink and harden with Ca(OH)>,
which is present in the cement. This phenomenon can fill and repair the microcracks. Besides the
self-repairing property, studies have shown that epoxy cement mortars without a hardener maintain
some chemical and mechanical properties that are much better than conventional epoxy cement
mortars with a hardener.
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2.5.3 Polymer admixtures as modifiers in alkali-activated aluminosilicates

Despite the advantages of AAS mortars, they have a significant disadvantage — a high value
of shrinkage followed by the formation of microcracks. This effect is caused both autogenously and
by drying shrinkage, resulting in volume contraction, microcracking and deterioration of tensile and
bending properties [127]. Therefore, using various types of polymer admixtures can overcome these
problems.

Modern admixtures are less based on the use of industrial by-products but rather on synthetic
molecules or polymers specially produced for the concrete industry [94]. Modern admixtures modify
one or several properties of fresh and hardened concrete by correcting some of the technological
weaknesses of PC and hydraulic binders [128].

According to the literature review, the use of polymer admixtures in geopolymer systems is
rather limited in this field of study.
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Bakharev et al. [129] studied the effect of superplasticizer, air-entraining agent, and water-
reducing and shrinkage-reducing admixtures to improve the shrinkage properties and workability of
AAS concretes. The superplasticizers are based on modified naphthalene formaldehyde polymers,
water-reducing admixtures based on lignosulphonates and air-entraining admixture with a soluble
salt of an alkyl- or aryl- sulphonate. They showed that air-entraining admixture is the most suitable
for use in AAS concrete, as it improves workability, reduces shrinkage, and does not deteriorate
later strength. Shrinkage-reducing admixtures were effective in reducing shrinkage cracking.

Also, the effect of shrinkage-reducing admixtures based on polypropylene glycol was
presented by M. Palacios and F. Puertas [130]. The concentrations of shrinkage-reducing agents
were 1 and 2 % by slag mass. The results showed that adding a 1 % shrinkage-reducing agent did
not significantly modify the compressive strength or the flexural strength of the specimens because,
after 28 days, the flexural strength was 25 % higher than the flexural strength of mortar without
admixture. The addition of a 2 % shrinkage-reducing admixture increased the compressive strength
and flexural strength. Especially flexural strength was increased by approximately 75 % at 7 days
and more than 100% at 28 days related to the mortars without shrinkage-reducing admixture.

Bilim et al. [131] examined the effect of shrinkage-reducing and set-retarding admixtures on
some properties of AAS pastes and mortars. Shrinkage-reducing and set-retarding admixtures
reduced both compressive and flexural strength of AAS mortars at the age of 2 days. However, after
2 days set-retarding admixtures had no impact on the flexural and compressive strength values of
AAS mortars. In contrast, shrinkage-reducing admixtures increased AAS's flexural strength without
changing the compressive strength behavior. Also, V. Bilek studied the using shrinkage-reducing
admixtures as possible solutions for chemical and autogenous shrinkage of AAS [132].

Geopolymers also have many advantages compared to OPC, such as high early strength
[133], good fire and acid resistance and good durability [134, 135]. Additionally, they have generally
low apparent porosity, which gives them very low water permeability and, thus, very good resistance
in freezing-thawing cycles [136]. However, disadvantages also exist. Geopolymers present a typical
brittle mechanical behavior with the consequent low ductility and low fracture toughness [137].
These characteristics can limit their applications as structural materials. In order to improve these
drawbacks of geopolymer materials, organic polymers are often incorporated into their
structure [134].

Polyethylene glycol (PEG) is a polyether compound with many applications in industrial
manufacturing. PEG is one of the most well-known water-soluble polymers, and it can also be
dissolved in many organic solvents, including aromatic hydrocarbons. PEG is used as a plasticizer
to increase lubricity and acts as a water retention agent in ceramic mass, adhesives, binders, and
soldering fluxes with good spreading properties [138].

In a study by Catauroa et al. [139], the influence on the mechanical strength of the different
percentages of PEG added to geopolymer was investigated. In the absence of PEG, the tests showed
overall strength regularity with ageing time due to the chemical composition of a sample. PEG-free
samples can reach final mechanical strength faster than hybrid systems. The stretching effect of
PEG, which generally provides the characteristic of elasticity to the base material and the longer
time required to reach the final structural strength, justifies the increase of flexural and compressive
strengths with ageing time.

Lamanna et al. [56] concluded that polymer-modified mortars had improved compressive
strength compared to unmodified ones, and polymer helps restrain micro-crack propagation. They
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also found that total porosity decreases with the addition of organic polymer, which may contribute
to improved durability.

In the study by Shrotri, which was described in the book written by Davidovits [89], we
analysed the dynamic mechanical behavior of geopolymers-organic polymer composites in the
forms of cured plaques and uncured slurries. Organic polymer PEG in a small quantity was added
to the geopolymer system to modify its behavior. The geopolymer composite showed remarkable
flexibility without cracking, as shown in Fig. 14. Plaques produced without organic polymer were
brittle and cracked easily.

2004/11/01

Fig. 14 Polymer — geopolymer composite [89].
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3 AIM OF THESIS

The literature review showed that raw materials for the production of alkali activated
aluminosilicate materials and/or geopolymers include blast furnace slag, fly ash and metakaolin.
Their mechanical properties depend on hardness, tensile strength, toughness, setting periods, and
shrinkage values. Modification of the properties is done by polymer admixtures as they are used for
ordinary PC because of their ability to prevent the formation of cracks during shrinkage and improve
toughness. However, limited research has been done on modifying AAA with polymer-based
admixtures. Therefore, the present study aims to show how various additives (e.g., polymer
admixtures, shrinkage reducing admixture) in different dosages influence the mechanical properties
of alkali-activated aluminosilicate materials. Moreover, the main target of the study is to find
suitable types of polymer admixtures at optimal dosage to produce high-quality composite material
having good physical-mechanical properties with high durability and toughness and low brittleness,
as the main disadvantages of AAS and geopolymers. Another task was to study the microstructure
of alkali-activated slag and geopolymers, focusing on the highly porous structure and the
identification of hydration products, taking into consideration the factors influencing the hydration
of slag.

To fulfil the goal of the thesis, locally produced raw materials from the Czech Republic were
chosen — ground granulated blast furnace slag for AAS mortars and metakaolin for geopolymer
mortars. The modifiers as admixtures were also chosen for their excellent ability to improve concrete
properties, namely shrinkage cracking resistance and compressive and flexural strength. The water-
soluble polymers, shrinkage-reducing admixtures, PPG, PEG and various types of commercial
Vinnapas® were chosen.

In order to investigate mechanical properties, compressive and flexural strength tests were
performed. The compositions that presented the best mechanical properties underwent further tests,
such as Mercury intrusion porosimetry and Scanning electron microscopy to describe the
microstructure of mortars. For pastes’ mixtures, the rheological properties were studied using a
stress-controlled rotational rheometer. Isothermal calorimetry tests were also performed to measure
the influence of admixtures on the hydration process in AAS pastes. Besides the technical properties
of AAM mortars, the stability of selected admixtures in AAS suspensions (in alkaline medium) was
studied by IR technique.

Based on the test results and type of the modifiers (polymer admixtures) used, the composition
of mixtures was optimized to produce a material with the best performance properties.
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4 ALKALI ACTIVATED SLAG
41 MATERIALS, PREPARATION AND TESTING
4.1.1 Materials

Czech ground-granulated blast-furnace slag (Kotou¢ Stramberk, spol. s r.0.) was used as the
primary precursor for alkali-activated slag mortars. The chemical composition of the slag is given
in Table 4. The specific surface of the slag was 380 m?/kg. The particle sizes determined through
laser granulometry are dip=1.72 pum dso = 11.81 pm, and dgo = 39.38 pum.

Table 4. Chemical analysis of blast furnace slag, [%].

SiO,

Fe203

AlxO3

CaO

MgO

SO3

Na.O

K20

MnO

Cl

LOI

39.66

0.47

6.45

40.12

9.5

0.72

0.33

0.55

0.65

0.05

1.25

4.1.2 Alkaline activators

The commercial solid sodium water glass SUSIL MP 2.0 (27% SiO3; 8% Na2O and 65% H,0

by weight) with a SiO2/Na2O ratio of 2.0 was used as an alkaline activator for the slag.

4.1.3 Aggregates

Quartz sand with a maximum grain size of 2.5 mm was used as aggregate. It was composed of
three different fractions (PG 1-3) mixed in the ratio of 1:1:1 to obtain a standard mixture for testing
mortars.

4.1.4 Polymer admixtures

In this study, eleven types of commercial polymer admixtures were used:
— polyethylene glycol (PEG) 400;

— PEG 1000;

— PEG 6000;

— PEG 20000;

— polypropylene glycol (PPG);

— Peramin SRA;
— VINNAPAS® 5023 L;
— VINNAPAS® 5111 L;
— VINNAPAS® 7016 F;
— VINNAPAS® 7220 E;

VINNAPAS® 5023 L and VINNAPAS® 5111 L are dispersible polymer powders based on

vinyl acetate and ethylene copolymers with good defoaming properties. VINNAPAS® 7016 F is a
plasticizing dispersible polymer powder based on vinyl ester, ethylene and methyl methacrylate with

an instant plasticizing effect. VINNAPAS® 7220 E is a semi-flexible polymer powder based on vinyl

esters, ethylene and acrylic acid ester for good workability and excellent tensile adhesion strength
after water immersion [140].
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PEG is one of the most well-known water-soluble polymers and was used with different
molar masses. The chemical formula of PEG is ConHan+20n+1.

O
HT “"’?GH

Fig. 15 Chemical structure of PEG.

PPG is the polymer of propylene glycol. It is used as a rheology modifier. Linear formula is

H[OCH(CHs)CH2]2OH.
H OH
O N

Fig. 16 Chemical structure of PPG.

Peramin SRA is a polyol-based additive in powder form, which mainly reduces drying
shrinkage. The chemical structure is derived from cyclo-aliphatic ether alcohol. The typical dosage
of Peramin® SRA 40 varies between 1-5 % by weight of the binder.

Active matter %: 58-64

Bulk density: 0.55-0.75

Particle size (% > 600 pm): < 3

pH (5% solution): 6-8.

It is composed of silicon dioxide, 5-ethyl-1,3-dioxane-5-methanol  and
2,2-dimethylpropane-1,3-diol [141].

4.1.5 Preparation of AAS mortars: Mixing, molding, curing

The reference AAS mortar mix design comprised of slag (450 g), activator (90 g), aggregates
(1350 g) and total water (175 ml). The activator and polymer admixtures were dispersed and partially
dissolved in water before mixing with slag. Finally, quartz aggregate was added to prepare fresh
mortar. AAS mortars were poured into prismatic moulds (40 x 40 x 160 mm) and removed from the
moulds after 24 hours. Then the specimens were cured under wet conditions for 27 days.

AAS mortars with and without admixtures were prepared with an aggregate/binder ratio of
3/1. Each type of PEG was added at dosages of 0.5, 1, 2, 5, 7, and 10 % by mass of slag. Each type
of Vinnapas® was added at dosages of 0.5, 1, 1.5 and 2 % by mass of slag. PPG a Peramin SRA — at
the dosage of 0.5 and 1 % by mass of slag.
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The activator and admixtures were added to water and then mixed with metakaolin. Then
quartz sand was added into the fresh mortar during mixing.

4.1.6 Compressive and flexural strength tests

The effect of the type of polymer admixtures was evaluated by compressive and flexural
strength. These tests assess the mechanical performance and the stability, respectively, of the
produced materials in function of the additive used.

Flexural and compressive strengths of the specimens were measured at the age of
28 days. Flexural strengths were determined by using a standard three-point-bending test,
while compressive strengths were measured on both residual pieces obtained from the flexural
strength test. Mortar specimens were made in prismatic molds with dimensions: of
40 x 40 x 160 mm according to EN 196-1.

4.1.7 Shrinkage tests

Shrinkage is one of the main harmful properties of AAS. Three shrinkage moulds
(40 x 40 x 160 mm) with steel inserts were used to determine of linear shrinkage of AAS mortar.
The specimens were removed from moulds after 4 hours and then put into special apparatus (Fig.18)
to measure the linear shrinkage during 28 days. The shrinkage was determined by the continual
measurement of linear change in the sample’s dimension.

x5

Fig. 17 Measuring the linear éhrinkage of AAS mortar specimens.

4.1.8 Acoustic emission

The acoustic emission (AE) measurements were performed during the fracture experiments
to assess the material's internal structure. The guard sensor eliminated mechanical and electrical
noise. Four acoustic emission sensors were attached to the surface of the specimen with beeswax.
Acoustic emission signals were taken by measuring equipment DAKEL XEDO with four acoustic
emission sensors IDK-09 with 35 dB preamplifier.

4.1.9 Mechanical fracture properties

The fracture mechanics experiments were carried out on the Heckert FP 10/1 mechanical
testing machine with the measuring range of 0-1200 N. During the fracture experiments, the load
vs displacement diagrams were recorded using induction sensors connected to the HBM SPIDER 8
device. The effective crack extension method was used to evaluate the P—d diagrams. The modulus
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of elasticity values was obtained from the first (almost) linear part of the corrected P — d diagrams.
The effective fracture toughness values were determined using the Effective Crack Model, which
combines linear elastic fracture mechanics and the crack length approach.

4.1.10 Porosimetry

Total porosity and pore size distribution were determined in mortar specimens for pore and
void structure through mercury intrusion porosimetry using Micromeritics Poresizer 9310
porosimeter. The specimen is put into a tared penetrometer tube and weighed. The tube is evacuated
and filled with Hg at the minimum pressure. Then the pores with diameters larger than 300 um are
filled, and the bulk volume of the sample is obtained. When the pressure is gradually increased, the
Hg penetrates smaller and smaller capillaries. The filled pore volume can be computed from the
capacitance of the penetrometer. Then the penetrometer is detached, weighed, and inserted in the
high-pressure site where hydraulic pressure is applied. With some tens of increments, the pressure
is gradually raised to the maximum of 207 MPa, and the pores down to about 6 nm are filled.

4.1.11 The scanning electron microscope - microstructure assessment

The microstructure assessment of mortars was investigated with a Tescan MIRA3 XMU
scanning electron microscope, applying an acceleration voltage of 30 kV. The samples used were
dried and sputtered with gold.

4.1.12 Infrared spectroscopy

The stability of admixtures was evaluated using attenuated total reflectance infrared
spectroscopy (ATR IR). Infrared spectroscopy is one of the most common instrumental techniques
used to study the molecular structure of organic polymers. Infrared spectroscopy is a technique based
on the vibrations of the atoms of a molecule. An infrared spectrum is commonly obtained by passing
infrared radiation through a sample and determining what fraction of the incident radiation is
absorbed in particular energy. The energy at which any peak in an absorption spectrum appears
corresponds to the frequency of vibration of a part of a sample molecule.

Admixture stability of the admixtures mentioned above was measured in the form of their
1 % solutions in alkaline media. Alkaline media was prepared by mixing water and NaOH. The
solution’s pH was measured with S20 SevenEasy™ pH Mettler Toledo (pH=12.42). Totally fourteen
solutions with different admixtures were prepared. The solutions were placed in plastic containers
and then kept dry for 24 hours using an infrared lamp at ambient temperature. After drying thin films
were formed.

Infrared spectra were obtained using Perkin Elmer Frontier™ spectrometer with UATR
accessory, which uses diamond crystal and enables measurement in the range of 4000-500 cm™!.
Original polymer admixtures were used as a reference to compare and evaluate the structural
changes after alkaline treatment.

For the investigation of hydration products of the alkali-activated slag, Perkin Elmer
Spectrum 100 FTIR spectrometer was used. The samples were measured in the transmission mode
in the range of 400-4000 cm™'.

4.1.13 Rheology tests - workability assessment.

Rheological investigations were performed employing a Discovery HR-1 (TA Instruments)
hybrid rheometer, and TRIOS 4.0.2.30774 software was used for data evaluation. The measurements
were performed in a Peltier Concentric Cylinder system with a DIN rotor at 25 °C. The standard gap
for the DIN cylinder system (5.917 mm) was employed. Rheological properties were measured using
2 program methods — Flow Sweep and Flow Ramp.
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The Flow Sweep procedure is based on measuring shear stress at changing shear rates. The
rheological properties of AAS pastes were determined from curves at increasing and decreasing
shear rates in the range of 0.1-100 s*. The paste was pre-sheared for 60 s at 100 s™*. After a rest
period of 60 s, the rheological measurements were started. The testing routine consisted of a shear
rate increase (from 0.1 to 100 s 1) applied through 30 steps with 15 s of measuring time at each shear
rate followed by a decrease of shear rate at the same conditions. The results were expressed as shear
rate vs shear stress.

With the Flow Ramp method, shear stress at a constant shear rate in AAS paste was
measured. This procedure started with pre-shearing at 100 s~ for 1 min, then ramping at the constant
shear rate of 100 s~ for 30 min. The results were expressed as shear stress vs time.

The reference AAS paste mix design comprised slag (300 g) and activator (60 g). Modified
AAS pastes contain different polymer admixtures at dosages 0.5, 1, 1.5 and 2 % by slag mass. The
activator and polymer admixtures were dispersed and partially dissolved in water before mixing
with slag. Rheology measurements were performed on pastes with a water-to-slag ratio of 0.4. For
both program measurements, the pastes were initially mixed by hand in a plastic bowl with a spatula
for approx. 2-3 minutes, depending on the polymer dosage (lower dosages required more time), and
then they were inserted into the cup of the coaxial cylinder device mounted on the rheometer.

4.1.14 lsothermal calorimetry - reaction Kinetics

TAM Air calorimeter (TA Instruments) was employed to measure the generated heat during
the reaction process of AAS pastes when different dosages of polymer admixtures were used. For
this purpose, several mixtures were prepared, containing slag (4 g), activator (0.8 g), water (2 g) and
different types of Vinnapas® at dosages 0.5, 1, 1.5 and 2 % by mass of slag. Each composition was
mixed in identical glass vials at 25 °C and then placed into a calorimeter. Heat flow was measured
at 25 °C for approx. 116 h for each sample.

4.1.15 X-ray diffraction (XRD) - phase assemblage

The XRD patterns for the samples were recorded on a Bruker AXS D8 Advance
diffractometer fitted with a Lynxeye super speed RX detector, a 2.2 kW Cu anode, and no
monochromator. The instrument was set at 40 kV and 30 mA and the sample was not rotated during
scanning. The scanning range, from 5 to 60 °, was covered in 24 minutes.

4.1.16 Thermogravimetric analysis (TG) - phase assemblage

The TG test was performed by adapting the ASTM E1131:2008 standard on
thermogravimetric and compositional analysis of solids and liquids. The Setaram simultaneous
thermal analyzer, model Labsys Evo with a balance accurate to 0.1 mg, was used. The dynamic
heating ramp varied between 40 °C and 800 °C. The heating rate was 10 °C/min, and alumina
crucibles were used. The reference material was a-alumina (a-Al2O3). The test was conducted under
N2 atmosphere. All the tests were performed using approximately 50 mg of ground sample.

4.1.17 Confocal Raman Microscopy (CRM) - phase distribution

Confocal Raman measurements have been accomplished using a 532 nm excitation laser
(green laser) and a 100X objective lens (N.A. 0.9) with an area of focus over the sample at a 20 mW
laser power. The scan area was 35 x 35 um, 20 x 20 um, and 15 % 15 um, the parameter of the
Raman image: was 50 x 50 pixels, integration time per pixel was 1.2 s. All measurements were
carried out in the samples to identify the modification of the phases present in the anhydrous blast
furnace slag and the new phases formed after the activation with sodium silicate hydrate. Collected
Raman spectra were analyzed using Witec Control Plus Software (Witec, Ulm, Germany). For the
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treatment of the results obtained by Confocal Raman microscopy, “cosmic rays remove” (CRR) and
“background subtraction” (BSub) were performed.

4.2 RESULTS AND DISCUSSION

4.2.1 Determination of the main reaction products of AAS: FTIR, XRD, TG and
Confocal Raman Microscopy

The low crystallinity of C-A-S-H gel, which is the main product formed in AAS, does not
allow its detection with XRD, while other methods, such as FTIR and TG, do not give accurate
information about its presence. In order to gain more insights into this phase, the Confocal Raman
Spectroscopy was used complementary to XRD, FTIR, and TG.

FTIR spectrum of the anhydrous slag is illustrated in Fig. 19. The absorption band at ca.
930 cmtin the anhydrous slag is attributed to the Si—O vibration in the SiO4 units. In addition, the
absorption band ca. 508 cm™ is associated with v4 [Si—O-Si] bond vibrations, and the absorption
band ca. 669 cm™ is due to the stretching vibrations of Al-O bonds in the AlO4 groups. The presence
of carbonate in this material is evident due to the absorption band at ca. 1420 cm™ attributed to
v3[CO3?7]. Carbonation occurred due to the high content of CaO included initially in the slag.

Figure 18a presents the FTIR spectra of AAS pastes at 1, 2, 7, and 28 days. It is observed
that the main absorption band (related to the Si—O-Si vibrations) moves towards higher
wavenumbers with time due to the formation of calcium silicoaluminate hydrated compound, C-A-
S-H gel (Figure 18b). This displacement is typical for alkaline activated slag pastes with silicon-rich
solutions, indicating the formation of silicon-rich gel, though without becoming a silica gel [34].
The absorption band at ca. 450 cm™* (observed in the anhydrous slag at ca. 508 cm™) is assigned to
the vibrations of & Si—O-Si bonds, v4, due to the formation of the C-A-S-H gel, while the absorption
band observed ca. 669 cm™ is due to the Al-O vibrations in the AlO4 groups (Figure 18c).
Absorption bands at ca. 1420 cm™ also appear, attributed to CO3?", vs, confirming the carbonation
or weathering of the pastes.

The vas, located ca. 967 cm ™, shows a decrease in intensity compared to the Si—-O-Si bonds
of anhydrous blast furnace slag. This development results from aluminum and calcium incorporation
in the Si—O chains during the formation of the main reaction product (C-A-S-H gel). Garcia-Lodeiro
et al. [35, 36] suggested that the displacement of sodium by calcium in the (N,C)-A-S-H gels does
not imply relevant changes in the position of the absorption band; however, the variation in its shape
likely marks the precipitation of new phases that are not typical components of C-S-H gels.
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Fig. 18 Determination of the blast furnace slag and the main reaction products at 1, 2, 7 and

28 days by FTIR, XRD and TG. a) FTIR spectra of the anhydrous blast furnace slag and AAS

pastes; b) main absorption band associated with Si-O-Si in the range 600-1200 cm™. There is a
shift of the main absorption band from 930 to 967 cm, indicative of the formation of C-A-S-H gel
(rich in silicon); c) absorption band associated to 6 Si-O-Si. There is an FTIR shift towards lower
wavenumbers, indicative of the formation of the C-A-S-H gel; d) XRD patterns for the anhydrous

blast furnace slag and AAS pastes. The main phases present are calcite (CaCO3, C), akermanite
(Ca2Mg(Si207), A), mullite (M) and quartz (SiO, Q). In addition, the main reaction product is the
C-A-S-H gel (¥) located at 20 values in the same region of the main calcite diffraction peak; €) TG

analysis of AAS pastes with the mass losses (%) evolution vs temperature up to 900 °C.

The diffractogram of the anhydrous blast furnace slag (Figure 18d) shows a small amorphous
halo with a maximum of around 20 = 30-32°. This halo coincides with the region in which the
characteristic diffraction peaks of akermanite appear (Ca2Mg(Si2O7)) at values close to 20 = 31.1°,
28.9°, and 51.8°, which constitutes one of the main phases found in the slag. In addition, crystalline
diffraction peaks attributed to the quartz (26 = 21.8°, 27.7° and 40.8°), calcite (20 =29.4°, 47.4° and
48.5°), and mullite (due to the aluminum content of the slag), were observed. The formation of C-
A-S-H gel is indicated by the wide bump around 29°, overlapping with the main diffraction peak of
calcite (CaCOs3) due to its low structural order (C-A-S-H is largely amorphous). Thus, XRD is
inadequate to quantitatively assess the formation of C-A-S-H gel in the studied systems.
Thermogravimetry analysis (TG) may provide more information [142].
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The mass loss values determined during the thermogravimetry analysis of the alkaline
activated slag are associated with the chemically combined water that is proportional to the amount
of reaction products formed. Hence, higher mass loss points to a higher reaction degree of the slag.
Table 6 shows the mass loss values of mass losses calculated from TG curves in the temperature
range 105-600 °C for AAS pastes of different ageing (1, 2, 7 and 28 days) (see Figure 18e).
However, these data can be used mainly to compare the effect of different curing times on AAS
paste, without providing significant information about the reaction degree. The obtained data refer
to water lost in a wide temperature range, related to the amorphous nature of the gel, i.e. the water
may occupy multiple places within the amorphous structure of the gel, including bonds with
different cations involved or even interposition places. The nanometric nature of the formed bonds
allows for several binding of water in the systems; the energy required for water removal confirms
this fact. Consequently, considering the water determined as an indicator of the quantity of the gel
formed would lead to an underestimation of its actual quantity.

Table 5. Mass losses by TG between 105-600 °C

Temperature (°C) 1 day 2 days 7 days 28 days

105-600 4.9 % 6.3 % 7.6 % 8.9 %

From Table 5 it can be observed that the water loss occurs mainly in the temperature interval
of 105-600 °C, being higher for longer ageing times. Therefore, this indicates that the formation of
the main reaction product (C-A-S-H gel) has gradually occurred.

FTIR, XRD and TG provided relative information at each studied age of the reaction degree
of alkaline activated slag. However, the low crystallinity of the main reaction product (C-A-S-H gel)
prevents the retrieval of information related to its formation, distribution throughout the sample, the
extent of carbonation, etc. That is why we must resort to more sophisticated techniques, such as 29Si
and 27Al s NMR, BSEM/EDX, TEM or Confocal Raman Microscopy (CRM). The latter allows for
investigating the AAS pastes' structure and microstructural evolution during the alkaline activation
process.

Figure 19a reports the Raman spectrum for the anhydrous slag, contributed by different
phases which have a characteristic Raman cross-section; thus, this technique is not affected by the
amount of the phases in the sample. The presence of different phases in the average Raman spectrum
of the main phases is shown in Figure 20c. In the region 800-1000 cm™ of the average spectrum,
the presence of a weak and broad Raman peak at ca. 885 cm™ is observed, attributed to the
symmetric stretching of Si—O-Si, v1, of the anhydrous slag, corresponding to the presence of the
main Raman bands associated with the presence of mullite at ca. 800 and 950 cm™ [143]. Another
phase contributing to the Raman spectrum is the crystalline akermanite (Ca2Mg(Si>0Oy7)), giving rise
to the bands located at 666 cm ™t and 911 cm™. Further, the Raman bands observed at 350-500 cm
and 400-600 cm™* are attributed to v--type internal deformations and va-type asymmetric bending
vibrations of SiO tetrahedra, respectively. An intense and narrow Raman band at ca. 1096 cm ™ and
the less intense Raman band at ca. 283 cm™* are distinguished, both attributed to the presence of
calcium carbonate.

Figure 19b shows the Raman spectrum of the commercial sodium silicate solution, in which
four well-distinguished zones are observed: the band at ca. 525 cm™ is associated with the stretching
modes of Si—-O-Si (Q°); the band at ca. 1041 cm™ is attributed to the symmetric stretching of Q*
(Q3-SS); the band at ca. 1647 cm™ is due to the bending vibrations of water; the very wide and
intense band at ca. 3400 cm ™! is associated to the stretching vibrations of OH™ groups.
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Fig. 19 a) Average Raman spectrum of the anhydrous blast furnace slag; b) Average
Raman spectrum of sodium silicate solution (water glass solution); c) average Raman spectra of
the main phases present in the anhydrous blast furnace slag: calcium carbonate (CaCOs in red),
akermanite (Ca2Mg(Si20y), in cyan) and the symmetric stretching bonds of SiO4 from slag, in
green; d) Surface Raman image by CRM of the anhydrous blast furnace slag used in this study.
The main phases present in the blast furnace slag are CaCOz in red, akermanite (Ca2Mg(Si207)) in
cyan and the symmetric stretching bonds of SiO4 (v1 Si-O-Si) of the anhydrous slag and for the
presence of mullite, in green. The boxes represent the different regions of the sample where the
analysis has been made.

Besides detecting different phases, CRM provides a microstructural view of the phase
distribution, evident in Figure 19d, which is indicated by the corresponding colors assigned to each
of them. The mean particle size (dso) of the slag was 19 um; however, due to the confocality of the
instrument, only a small portion of the sample (0.7 um) is located at the focal plane. Therefore,
Figure 19d shows the abundant presence of CaCOs in red, which has particle size lower than 10 pm,
representing a portion of the particles. Carbonate phases formed in the sample due to the calcium
content of slag, which reacted with CO>. In addition, the presence of akermanite (Ca2Mg(Si207)) is
indicated with cyan colour, while the symmetric stretching bonds of SiO4 (v1 Si—O-Si) of mullite
(green color) found in anhydrous slag are also detected.

Fig. 20 shows the average Raman spectra of the anhydrous blast furnace slag and the alkali-
activated slag at different hydration ages (1, 2, 7 and 28 days). The alkali activation of slag by the
solution of sodium silicate (or water glass solution) results in the detection of Raman bands
associated with the main reaction products, in addition to those corresponding to the main phases of
the anhydrous slag still present in the samples. More specifically, the newly appearing band at ca.
673 cm™! is a band associated with the formation of C-A-S-H gel, assigned to Q? Si—-O--Si
symmetric bending vibrations. Although the C-A-S-H gel is poorly crystalline, the CRM
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measurement conditions applied in the test (532 nm excitation laser; a 100X objective lens, N.A.
0.9; and 20 mW laser power) allow for detecting its signal at each age. The peak at ca. 673 cm 1 is
better resolved 1 and 2 days after mixing (Fig. 21b) than at more advanced ages (7 and 28 days),
indicating that the amount of C-A-S-H gel formed increased with time. Moreover, the intensity of
this band coincides with the presence of akermanite, Ca2Mg(Si»Oy7), a characteristic phase of the
anhydrous slag, having its main band at ca. 666 cm™ (Figure 20c). As the reaction time evolved, the
amount of C-A-S-H gel in the system increased, being highest at the ages of 7 and 28 days, as
observed both in the average spectra (see Fig. 20b) and in the different micrographs obtained
(Fig. 20c).
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Fig. 20 a) Average Raman spectra of the anhydrous blast furnace slag and the alkali-
activated slag at different ages (1, 2, 7 and 28 days) obtained by Confocal Raman Microscopy
(CRM). b) Average Raman spectra of the region where C-A-S-H gel Raman bands are located at
different activation times. The main Raman band of the C-A-S-H gel is located at ca. 666 cm ™,
attributed to Si-O-Si symmetric bending Q? (Q?-SB); and a Raman band ca. 1040 cm™2, associated
with the symmetric stretching of Q® (Q3-SS) and symmetric stretching of C—O group in CaCOs3
precipitates (C—O-SS); ¢) Raman images by CRM of the evolution of the main phases of
anhydrous slag (akermanite, in cyan and the symmetric stretching bonds of SiO4 from slag, in
green), calcite (CaCQOg, in red) and the formation of the main reaction product in this system
(C-A-S-H gel, in blue).
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Another aspect to be highlighted from the results of CRM is the presence of carbonates in
the samples (CaCOg). In the average Raman spectrum of the anhydrous slag, the presence of a
calcite-like crystalline carbonate is unequivocal. The Raman spectrum of calcite possesses several
bands: ca. 180 and 280 cm™ are due to the relative translations between the cation and anionic
groups; the vibration mode vs4 at ca. 711 cm ! is attributed to symmetric CO3; deformation; the
vibration mode v1 at ca. 1085 cm™ corresponds to the symmetric stretching of C—O group in CaCOs
that precipitates as calcite [143-145]. However, these Raman bands, considered indicators of the
presence of calcite in slag, remain practically unaltered during the alkaline activation with sodium
silicate. From the beginning of the reaction, some regions of slag are partially carbonated, especially
those at the surface of the reaction product, due to their high crystallinity and opacity. In addition,
as the reaction evolves with time, the calcium included in slag dissolves in the silicate solution,
contributing to a calcium enrichment of the solution, and, therefore, calcite forms due to the available
atmospheric CO; [146].

As regards the main silicate phases, inherited either from the raw material (slag) or from the
liquid activator (sodium silicate or water glass solution), they are also maintained throughout the
hydration process, acting both as the source of silicates for the formation of the C-A-S-H gel.
However, this behavior does not account for akermanite, only detected in the anhydrous slag and at
1 and 2 days after activation. The presence of akermanite at early ages obscures the detection of the
C-A-S-H gel since the Raman bands of both compounds overlap in the same spectral region. The
extensive formation of well-crystallized akermanite in early ages intensifies its Raman signal
compared to the low-intensity Raman signal of the C-A-S-H gel. Subsequently, at 1 and 2 days, the
presence of C-A-S-H gel is hardly observed. At a later age, gel precipitation occurs in the solution
(Fig 21), growing differently compared to the C-S-H gel forming during the hydration of Portland
cement. In such a system, C-S-H gel grows around the CsS particles forming layers [147]. However,
in the alkali-activated slag systems, the growth of the C-A-S-H gel is random. At early ages, the
hydration products grew in the space between the slag grains originally occupied by alkaline
solution, indicating that gel forms through a dissolution/precipitation mechanism. SEM is not
appropriate for detecting the amorphous C-A-S-H gel when the activator is a water glass solution
because of the homogeneity of their mixture. On the contrary, CRM allows for distinguishing the
C-A-S-H gel and, thus, observing its growth and structural evolution.

The main Raman band of the C-A-S-H gel appears at ca. 666 cm 1. Additionally, Raman
bands of this phase emerge in the regions 350-500 cm™ and 400-600 cm?!, which is generally
attributed to vo-type internal deformation and vs-type asymmetric bending vibrations of SiO4
tetrahedra, respectively. In the average Raman spectrum, it is possible to observe the evolution of
the Raman band at ca. 1080 cm™ with the activation time. In addition to the presence of calcite,
another Raman band is attributed to symmetric stretching of Q2 groups, which form as the result of
polymerization of the C-A-S-H gel chains. In this region, the main Raman bands of the sodium
silicate solution also contributes to line widening (see Fig. 21b).
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Fig. 21a) Raman images by CRM of the evolution of the main phases present in the alkali-
activated slag at different ages (1, 2, 7 and 28 days): akermanite (in cyan), calcite
(CaCO0s, in red), the symmetric stretching bonds of SiO4 from slag (in green), and the
presence of C-A-S-H gel (in blue); b) quantitative determination of the presence of the
main phases present during the alkali-activation of blast furnace slag: akermanite (in
cyan), calcite (in red), the symmetric stretching bonds of SiO4 (in green) and the
C-A-S-H gel (in blue).

From a quantitative standpoint, using CRM allows for more detailed information on each of
the phases present in the alkaline activated system. Fig. 21 shows the evolution of phase content
with time. On the other hand, as the reaction of slag with the sodium silicate occurs, carbonates
dissolve too. Besides the carbonates that are initially present in the systems, newly formed
carbonates appear in the regions close to those where C-A-S-H gel forms, indicative of the
susceptibility of the C-A-S-H gel to carbonation.

In Fig. 22, the quantification of the main reaction product is reported based on the obtained
Raman spectra. Although the high amount of carbonates in the system can suppress the Raman signal
corresponding to the C-A-S-H gel due to their crystal order, the use of the CRM technique gives a
high degree of reliability in the quantification of the gel at different ages. Unlike the quantification
obtained by DTA/TG, which is established from the water loss associated with the C-A-S-H gel in
a temperature range between 105-600 °C, the amount of C-A-S-H gel forming is detected in situ
with CRM without destroying the sample. When working at room temperature, the amount of water
chemically bound to the gel cannot be determined; however, the information obtained is much more
representative and concise regarding the composition of the amorphous material. A comparison of
the C-A-S-H gel content in the AAS paste, as derived from DTA/TG and CRM, is illustrated in
Fig. 22. Since CRM allows for determining the area where C-A-S-H gel is present, the amount of
gel detected is more than three times higher than that determined from DTA/TG. The values obtained
from CRM are more realistic, and not affected by the C-A-S-H gel's low crystallinity.
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Fig. 22 Quantitative determination of the presence of C-A-S-H gel determined by Confocal
Raman Microscopy and by DTA/TG.

The results show that using Confocal Raman Microscopy (CRM) is a feasible technique for
characterising alkali activated materials. The results obtained from conventional characterization
techniques (FTIR, XRD, or DTA/TG) allowed for obtaining information about the phases of the slag
and the main reaction product, i.e. the C-A-S-H gel. However, due to the poor crystallinity of the
C-A-S-H gel, XRD cannot provide detailed information about its structure. Regarding the degree of
reaction of the activated pastes with the sodium silicate solution, DTA/TG technique is more
informative. Since the water that is chemically bound in the C-A-S-H gel can be determined through
the weight loss of the material occurring in the temperature range 105-600 °C, the extent of
C-A-S-H gel formation can be assessed. However, this technique underestimates the degree of
reaction and does not provide any information concerning the C-A-S-H gel's composition and
morphology.

CRM, combining the high spectral resolution of Raman spectroscopy with the high spatial
resolution of Confocal Microscopy, illustrates the distribution of the main phases present in the
alkali-activated system at different ages. Despite the poor crystallinity of the C-A-S-H gel, the
hydration of slag at different ages can be easily assessed. Furthermore, the phases formed can be
quantified with good accuracy. In addition, CRM allowed for highlighting the differences between
the growth of C-A-S-H gel in AAS paste and of a C-S-H gel in OPC systems. In contrast to C-S-H
gel that grows on the surface of CsS grains, the growth of C-A-S-H gel occurs randomly in the
medium, always in regions where the calcium, included in the slag, is dissolved.

CRM is an alternative technique for the microstructural characterization of alkali-activated
materials or geopolymers. It allows for revealing the mechanisms involved during the activation
process, leading to the formation of new phases. At the same time, it likely facilitates the
understanding of durability-related phenomena in these systems, such as carbonation, freeze-thaw
resistance or chemical attack.
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4.2.2 Stability of admixtures

All organic admixtures used in the experiments were tested for their stability in a highly
alkaline environment. The changes in chemical structure were evaluated through infrared
spectroscopy. The IR spectra compare the original unexposed admixtures and admixtures after 1 day
of exposure to alkaline media (Figs. 23-32).

IR spectra depicted in Figs. 23-27 showed that the chemical structure of the PEG and PPG
admixtures are not significantly affected by the treatment in highly alkaline media of NaOH. In the
IR spectra of PEG 400 (Fig. 23), the H20 bending band at 1638 cm™* attributed to the trapped water
has been observed as a new feature. Furthermore, the band at 3461 cm™ corresponding to the
stretching vibrations of the OH group became broader.

Almost no significant structural changes were also observed in the spectra of the Peramin
SRA admixture (Fig. 28). Only two new features appeared in the spectrum of exposed admixture: a
broader band at 1427 cm™* and a sharp band at 874 cm™. The band at 1427 cm™* was assigned to
vasCO mode in carbonate anion, and the sharp band at 874 cm™ corresponds with the bending 8CO3
mode. The presence of carbonate species leads to the assumption that partial carbonation of alkaline
solution occurred.

The qualitative analyses of the structural changes of different types of Vinnapas® admixtures
are presented in Figures 29-32. Significant structural changes were observed using IR spectroscopy
in all Vinnapas® samples that were treated with NaOH solution. The three characteristic bands
between 3700 and 3500 cm™ which correspond to vibrations of O—H groups, diminished. A broad
band around 3300 cm™? that is associated with adsorbed water split into three bands. There are also
small changes in the intensity of the peaks at 2937 and 2864 cm ™ (correspond to C—H bonds of CH,)
in the IR spectrum of all types of Vinnapas® (Figs. 29-32). A very strong band at 1730 cm™
(corresponds to C=0 stretching of ester) is present in all IR spectra. However, more intense bands
were observed in alkaline media only for Vinnapas® 5023 L and 7220 E (Figs. 29 and 32), whereas
for Vinnapas® 5023 L and 7022 E, the intensity of the C=0 band in alkaline media was slightly
lower.
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Fig. 23 Infrared spectra of PEG 400 and its solution in alkaline media.
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Fig. 24 Infrared spectra of PEG 1000 and its solution in alkaline media.
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Fig. 25 Infrared spectra of PEG 6000 and its solution in alkaline media.
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Fig. 26 Infrared spectra of PEG 20000 and its solution in alkaline media.
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Fig. 27 Infrared spectra of PPG and its solution in alkaline media.
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Fig. 28 Infrared spectra of Peramin SRA and its solution in alkaline media.
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Fig. 29 Infrared spectra of Vinnapas® 5023 L and its solution in alkaline media.
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Fig. 30 Infrared spectra of Vinnapas® 5111 L and its solution in alkaline media.
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Fig. 31 Infrared spectra of Vinnapas® 7016 F and its solution in alkaline media.
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Fig. 32Infrared spectra of Vinnapas® 7220 E and its solution in alkaline media.

The IR spectra of Vinnapas® 5111 L, 7016 F, and 7022 E dissolved in NaOH solution
contained new features at 1640 and 1555 cm ™2,

Vibration bands at 1370, 1230 and 941 cm™* that can be assigned to C—H bending and C-O
stretching bands of alcohols and esters are presented in all IR spectra. The band at 1092 cmcan be
assigned to C-O-C in ethers. Very strong bands C-O at 1029 and 1010 cm™ can be assigned to
C-0 in alcohols. The most important observations after the treatment of Vinnapas® admixtures in
alkaline solution are a simultaneous decrease in intensity of bands around 3600, 1090, 1030 and
1010 cm™* and the appearance of a new band around 1555 cm™2, which proves significant structural
changes in the chemical composition of these admixtures.

IR spectroscopy was used to study the stability of different commercial polymer admixtures
in alkaline media NaOH with pH = 13.47. All PEGs with different molecular mass and PPG are
stable in alkaline solution because significant structural changes were not identified. However,
structural changes in all types of Vinnapas® were observed. Since Vinnapas® additives are mainly
based on copolymers of vinyl esters and alkyl acrylates, neutralization and probable alkaline
hydrolysis occur in a strongly basic environment. However, since the detailed composition of the
admixtures is concealed by the manufacturer, it is not possible to reveal all the specific structural
changes. However, we can conclude that these admixtures are unstable in highly alkaline media.

4.2.3 Rheological tests

In these experiments, only pastes with Vinnapas® admixtures were studied because high shear
mixing during viscosimetric experiments caused unexpected segregation of PEG and PPG
admixtures from AAS pastes.

Flow curves of the studied alkali-activated slag pastes are shown in Fig. 33.
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Fig. 33 Flow curves of AAS paste with different types and dosages of admixtures

The shear stress values found for pastes modified with Vinnapas® 5023 L, 7016 F, and 7220 E at
different dosages are lower than those observed for REF paste. The only exception was the mixture
with adding 1% of Vinnapas® 5111 L.

The descending branch of flow curves indicates that these pastes resemble Newtonian to
pseudoplastic behavior because practically no yield stress was indicated. The viscosity parameter of
tested mixtures was estimated using the Newtonian model (Eq. 1); the calculated values are given
in Table 6. The Newtonian flow model is a linear relationship between shear stress t and shear

rate y. The proportionality constant 7 is the plastic viscosity of the fluid. This provides a measure
of the resistance to the flow of the fluid.

T=n-y
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Table 6. Viscosity of AAS pastes, depending on type and dosage of admixtures.

Viscosity (Pa-s)
Typ‘; ;‘r':]‘?xciﬁfsge of | 05% 1% 1.5% 2%
REF 4.23 4.23 4.23 4.23
Vinnapas® 5023 L 3.09 3.47 3.28 3.71
Vinnapas® 5111 L 4.11 4.23 3.16 3.69
Vinnapas® 7016 F 3.75 3.52 3.29 3.68
Vinnapas® 7220 E 3.29 3.53 3.90 3.23

The results show that adding admixtures slightly decreased the viscosity of the pastes. Increasing
the amount of Vinnapas® did not affect much shear stress; hence, there was no apparent trend in
rheological parameters. The hysteresis of the flow curves indicates the thixotropic behavior of the
AAS mixtures, which is not influenced by the type and dosage of admixtures.

Fig. 34 presents the time evolution of the shear stress of tested mixtures determined at maximum
shear rate during the initial setting. The measurement was terminated after 30 minutes to prevent the
mixture from complete setting and possible damage to measuring geometry.

It can be observed that all types of Vinnapas® decreased shear stress of AAS pastes over time due
to the thixotropy effect. As the mixture approaches the setting point, the shear stress starts increasing
again. Data show that Vinnapas® 5023 L, 7016 F and 7220 E tend to prolong slightly the setting
time compared to the REF sample. This effect is more pronounced with Vinnapas® 7016 F and 7220
E, regardless of the applied dosage.
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Fig. 34Shear stress versus time AAS pastes containing admixtures

4.2.4 Isothermal calorimetry

The results of isothermal calorimetry of AAS with different amounts of Vinnapas® are
presented in Fig. 35. It shows an initial peak during the first 3 h (Fig. 35 left) and the main hydration
peak, which appeared in the period from 40 to 120 h (Fig. 35 right). The initial peak, observed after
the first 30 min, is common to water glass-activated systems and consists of two separate peaks. The
first one is associated with wetting, dissolution and partial hydrolysis and is also typical for cement-
based mixtures [13]. The second additional peak is associated with the reaction of Ca?* ions with
soluble silicate species from the activator and depends on the composition of the activator [148].

The addition of Vinnapas® 5023 L, 7016 F and 7022 E resulted in a decreased heat flow for the
additional peak compared to the REF sample. Vinnapas® 5111 L appeared to behave reversely.
These observations are in accordance with time-controlled rheological measurements, and the
maximum of the second peaks may correspond to the initial setting time. Fig. 35 (right) shows that
Vinnapas® 7016 F and 7220 E shift the main hydration peak towards a longer time, but generally,
there is no evident and significant effect of Vinnapas® admixtures on the hardening process of AAS.
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Fig. 35 Calorimetric major peaks from 0 to 3 h (left), from 40 to 120 h (right).
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The effect of polymer admixtures on flow properties and heat evolution of AAS pastes was
determined. It was found that all types of Vinnapas® admixtures did not significantly modify the
rheological parameters (viscosity) of pastes, but Vinnapas® 5023 L, 7016 F and 7022 E have a
slightly retarding effect on initial setting properties compared to REF.

4.2.5 Mechanical properties

The development of compressive and flexural strengths of reference AAS mortar and AAS
mortars with organic additives are given below in Figs. 36-39. The addition of Peramin SRA, PPG
and all types of PEGs resulted in a reduction of compressive strength (Fig. 36). More specifically,
the compressive strength values decreased with an increasing amount of additives in the composition
of the mortar.

Compressive strengthh, MPa

=
o
!

o
!

Peramin SRA PPG PEG 1000 PEG 6000 PEG 20000
H0,5% NE1% N2% HEH5% WE7% WE10%

Fig. 36 Compressive strength of AAS mortars with different dosages of Peramin SRA, PPG
and PEG.

The addition of VINNAPAS® 5023 L, 7016 F and 7022 E (Fig.37) deteriorated the
compressive strength of AAS mortars by 10-15 MPa. However, the increasing addition of
VINNAPAS® admixtures had little or no effect on the compressive strength values. In the case of
Vinnapas® 5111 L, adding up to 1 % had almost no effect on the compressive strength, but higher
dosages decreased the strength by 10-15 MPa.
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Fig. 37 Compressive strength of AAS mortars with the various dosage of Vinnapas®.

The effect of each admixture on flexural strength is shown in Figs. 38 and 39. A similar trend
in flexural strength can be observed for the AAS mortars modified with polymer admixtures at a
dosage of 0.5 % and from 2 to 10 %. Flexural strengths were reduced as in the case of compressive
strength. Only 1 % addition of these admixtures had a negligible effect on the flexural strength.

Flexural strength, MPa

Peramin SRA PPG PEG 1000 PEG 6000 PEG 20000
H0,5% NE1% H2% E5% BE7% BE10%

Fig. 38 Flexural strength of AAS mortars with different dosages of Peramin SRA, PPG and PEG.

All types of Vinnapas® admixtures showed a negative effect on flexural strength (Fig. 39).
Samples with Vinnapas® 5011L and Vinnapas® 7220E showed better values of flexural strength
than the others, but in any case, none of the Vinnapas® types had the strength values higher than the
reference sample.
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Fig. 39 Flexural strength of AAS mortars with the various dosage of Vinnapas®.

4.2.6 Shrinkage

Due to the segregation problem, only admixtures which were able to dissolve in the AAS
mortar were used for shrinkage tests. Shrinkage of AAS mortars with and without different
admixtures is shown in Fig. 40. AAS mortars with the addition of 1 and 2% PPG reduced the
shrinkage approximately by up to 70 %. Adding 1 and 2 % PEG 1000 lowered shrinkage by up to
15 and 25 %, respectively. The addition of 2 % Peramin SRA reduced the shrinkage by 55 %,
whereas 1 % Peramin SRA reduced the shrinkage only by 10%. From this point of view, the most
effective shrinkage-reducing admixture is PPG, even at a low dosage.

REF

=« = 1% Peramin SRA

venennne 2% Peramin SRA

—=—1%PPG

— % PPG

Shrinkage [%]

—g— 1% PEG 1000

—+— 2% PEG 1000

0,9
Time [days]

Fig. 40 Shrinkage AAS mortars with different percentages of organic additives.
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4.2.7 Porosity

Fig. 41 shows the results of the pore distribution of AAS mortars. The data represent
cumulative curves typical for water glass-activated slag. Most pore volume is associated with large
capillary pores between 1 and 10 um. The slightly rising tail also indicates a large number of small
gel pores. According to the figure, the most porous material is a REF specimen. The least porous is
the specimen with 2 % PPG. The addition of 2 % PPG in AAS mortars decreased the volume of
pores with diameters with size ranging from 1.0 and 0.1 um than REF. 1 % of PEG 1000 and
Pereamin SRA showed little changes in pore volume than other additives. The addition of admixture
caused a decrease in the volume of larger pores, but it increased the volume of pores around 10 nm
in diameter. Especially, 2% addition of PPG gives rise to the highest number of gel pores. The
admixtures also caused a slight decrease in total intruded volume. Surprisingly, a lower porosity of
AAS with additives was not reflected in improved compressive strengths.
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—>%— 1% PPG
—a&— 2% PPG
0,0100 4 —.— 1% PEG 1000
---e--- 2% PEG 1000
0,0000 +—~ ; ‘ ‘ . ‘
100,0000 10,0000 1,0000 0,1000 0,0100 0,0010

Pore diameter [pum]

Fig. 41 Porosity of AAS mortars with different percentages of additives.

4.2.8 Fracture tests

The mean values (obtained from three independent measurements) and coefficients of
variation of selected material properties were obtained from recorded P-d diagrams using the
academic StiCrack software (bulk density p, modulus of elasticity Ec, effective fracture toughness
Kice and specific fracture energy Gr) are summarized in Table 7. Subsequently, the values of selected
parameters calculated relative to the reference specimens without any additive are introduced in
Figs. 42— 44,

As can be seen from Table 7, the addition of organic additives has almost no effect on bulk
density values. Organic additives behaved differently concerning fracture characteristics. The
addition of polymer admixtures led to an increase in elastic modulus values. Specimens with 2 % of
PEG and 1 % of SRA showed the highest increase of elasticity modulus values up to 14 and 16 %,
respectively (Fig.42). 2 % PEG dropped fracture toughness values by 20 % and 2 % SRA — by 18
%, although specimen SRA 1% has a small increase — 3 % (Fig. 43). The most significant decrease
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was detected in the case of specific fracture energy, the 2 % amount of PEG and SRA led to a
decrease of these values by 46 and 43 %, respectively (Fig. 44).

Table 7. Mean values of selected fracture parameters (coefficient of variation in %).

Mixture PEG | PEG
REF |1000.1| 1000, 2 |PPG-L| PPG_2 |SRA 1| SRA 2
Parameter
Bulk density 2250 | 2248 | 2232 | 2234 | 2228 | 2261 | 2254
p [kg/m?] (0.4) | (0.6) | (0.1) | (0.0) | (0.1) | (0.4) | (0.3)
Modulus of elasticity | 17.76 | 18.07 | 20.32 |19.47 | 18.69 | 20.65 | 18.29
E. [GPa] (54) | (9.1) | (12.2) | (5.6) | (7.6) | (13.1) | (2.3)

Fracture toughness | 0.832 | 0.706 | 0.668 | 0.803 | 0.758 | 0.857 | 0.684
Kice[MPa-m*2] (.1) |(148)| @7) | 6.1 | 49 | @0 | 7.7

Fracture energy 30.83 | 20.27 | 16.59 | 28.55| 29.10 | 2457 | 17.54

Gr [J/m?] (22.9) | (31.0) | (12.9) | (13.6) | (20.6) | (12.3) | (7.7)
150
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Fig. 42 Relative values of modulus of elasticity.
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Fig. 44 Relative values of specific fracture energy.
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4.2.9 Acoustic emission

AE activity was recorded during the fracture tests. To describe the origin of microcracks
during loading, we focused on the duration of AE signals. Duration represents the time difference
between the first and last threshold crossings. Another parameter, AE amplitude, represents the
greatest measured voltage in a waveform and is measured in millivolts (mV). The energy of AE
signals is the measure of the area under the envelope of the rectified linear voltage-time signal from
the transducer. The results of duration, amplitude, and energy of AE signals are presented in Table 8.

The mixture with 2 % of PEG 1000 displayed the most events and had the most extensive
variability of the values. However, mixtures with the SRA had a minimum of AE events, which
might assume greater brittleness of the material.

A reference mixture had the highest decline from the viewpoint of propagation of AE signals.
It can be assumed that the structure of REF had the most defects (microcracks, etc.) and damping
signal propagation.

The size of cracks formed during testing was the same for all specimens, except the mixture
with 2% of PEG 1000, which had the minimum amplitude, thus obtaining fewer cracks. However,
this mixture had a larger number of AE events than the others. Small numbers of large cracks
occurred in the specimen matrix with 2 % of SRA, which corresponded to the number of AE events.

From the point of view of energy, previous results confirmed that the specimen with
admixture 2 % of SRA was the softest and, therefore, the least cohesive, whereas a large number of
small cracks formed a structure with 2 % of PEG 1000. It gradually caused most of the released
energy of AE signals.

Table 8. Mean values of selected parameters obtained from acoustic emission
measurements (coefficient of variation in %).

REF 15(')5(?1 15(')5(?2 PPG 1 | PPG 2 | SRA 1 | SRA 2
Number of | 38.0 360 | 71.0 30.0 31.0 27.0 14.0
AEevents[]| (7.4) | (9.0) | (129 | (8.0) (9.0) (7.8) | (4.2)
i‘gzti'o:a‘l’: 1755 | 1905 | 1833 | 1935 1863 | 1858 | 2450
[mgs] G7) | (38 | (34) (4.9) (3.8) 5.8) | (6.9)
Ag‘é)'s'it“gslgf 2083 | 2820 | 2744 | 2856 2084 | 2018 | 3320
[mg/] 25 | @7 | @8 (2.5) (2.5) 21 | 2
E”esr%gl'; AEl 409 | 383 | 846 | 531 39.7 | 448 | 143
[rr?V-s] @) | 70 | (44 (1.2) (8.3) @4) | (07)

4.2.10 Microstructure

Micrographs of AAS mortars with the addition of 1 % and 10 % of PEG 20000 are shown in
Fig. 45. It is obvious that the sample's microstructure with 1 % of PEG is very similar to the sample
with 10 % of PEG with approximately the same number of microcracks. Therefore, it can be
concluded that PEG does not affect the reduction of microcracks. Similar structures were observed
practically for all mixtures, corresponding to the results of mechanical tests.
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Fig. 45 SEM microstructure at 1000x magnification of AAS mortars with PEG 20000 at dosage:
a) 1 %; b) 10 %.

Micrographs of AAS mortars with Vinnapas® admixtures showed that all samples contain
plenty of well-shaped crystals of the approximate mean size of 1 um (Fig. 46a), and also some areas
with very porous spongy structures have been observed (Fig. 46b). According to the EDX analysis
and also the shape, these crystals belong to calcite. Calcite crystals give proof of enhanced
carbonation when Vinnapas® admixtures are added. Spongy areas increase the total porosity of the
AAS matrix, which results in the deterioration of the mechanical properties.
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Fig. 46 SEM microstructure of AAS mortars with Vinnapas® admixtures:
a) calcite crystals; b) spongy structure.

4.2.11 Efflorescence

Mortar samples with AAS did not show any efflorescence with the addition of any modifiers.
That is the opposite of the result obtained with metakaolin geopolymer samples (see chapter 5.5.1).
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5 METAKAOLIN GEOPOLYMER
5.1.1 Mortars preparation

In this part of the research, only different types of Vinnapas® and PEG with different
molecular mass in metakaolin-based geopolymers were studied to achieve a result as in the
experiment of a group of researchers led by Shrotri et al., which was described in the book [89].

For geopolymer mortars metakaolin Mefisto Kos (Ceské lupkové zavody) was used as binder.
Metakaolin was produced through a controlled thermal process and grain size adjustments of clay
stones and floating kaolin clays. Its chemical composition is given in Table 9. Particle size are
dso=3.42 um 6.34 um and dgo= 11.62 pm.

Table 9. Chemical analysis of metakaolin, [%]

SiO2 | Fe203 | AOs | CaO | MgO | NaxO | KoO | TiO2 LOI
55.01 | 055 | 4094 | 0.14 | 034 | 0.09 | 0.60 | 0.55 1.57

Geopolymer mortars with PEG and Vinnapas® were prepared with an aggregate/binder ratio
of 3/1. Each type of PEG was added at dosages of 0.5, 1, 2, 5, 7, and 10 % by mass of metakaolin.
Each type of Vinnapas®-0.5, 1, 1.5, and 2 % by mass of metakaolin

The metakaolin was activated with a water glass solution having a SiO2/NaO ratio of 1.6.
Quartz sand with a maximum grain size of 2.5 mm was used as aggregate.

The activator and PEG were added to water and then mixed with metakaolin. Then quartz
sand was added into the fresh mortar during mixing. Geopolymer mortar specimens were cast in
prismatic moulds (40 x 40 x 160 mm). The specimens were left in the moulds for 2 hours, then cured
in an electric oven at 40 °C for 4 hours to accelerate the hardening process, and finally removed
from the moulds after 24 hours. After demolding, the specimens were stored in plastic bags for 27
days at RH = 45 + 5%.

The effect of the type of PEG on compressive and flexural strength was evaluated at first.
The specimens’ Flexural and compressive strengths were measured at 28 days. Flexural strengths
were determined using a standard three-point bending test, while compressive strengths were
measured on both residual pieces obtained from the flexural strength test.

5.1.2 Mechanical properties

The development of mechanical strength of the reference metakaolin-based geopolymer
mortar (REF) and the polymer-modified geopolymer mortars are given in Figs. 47 and 49
(compressive strength) and Figs. 48 and 50 (flexural strength). The maximum compressive strength
was observed for the composition with 10 % of PEG 400, being 57 % higher than that of REF. The
composition containing 1% of PEG 1000 showed the minimum compressive strength value, which
was 45 % lower than that of REF. Also, one of the lowest values was recorded for the specimen with
7 % PEG 20000. In general, the addition of PEG 20000 resulted in lower compressive strength
values compared to REF composition.
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On the contrary, PEG 400 added at the amount of 5, 7, and 10 % contributed to a compressive
strength increase. Flexural strengths showed the same trend as was observed for compressive
strength. The best results were achieved by adding 5, 7, and 10 % PEG 400, whereas the lowest
strength showed geopolymer with PEG 20000.

B0 T mmmmmmmmm i m e e e

Compressive strengthh, MPa

PEG 400 PEG 1000 PEG 6000 PEG 20000
m0,5% m1% m2% m5% m7% m10%

Fig. 47 Compressive strength of geopolymer mortars with different contents of different types of
PEGs.

35 T mmm e m e m e e

REF

Flexursl strength, MPa

PEG 400 PEG 1000 PEG 6000 PEG 20000
W0,5% m1% m2% m5% m7% m 10%

Fig. 48 Flexural strength of geopolymer mortars with different contents of different types of
PEGs.
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Fig. 49 Compressive strength of geopolymer mortars with different contents of different types of
Vinnapas®.
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Fig. 50 Flexural strength of geopolymer mortars with different contents of different types of
Vinnapas®.

5.1.3 Porosity

Fig. 51 illustrates the pore size distribution of geopolymer mortars. Porosity measurements
were performed only on reference specimens and specimens with the highest and lowest strength.
According to Fig. 51, the least porous material is the REF specimen, while the mortar with 7 % PEG
20000 was proved as the most porous. The largest pore volume is associated with pores between
0.1-1 um in diameter. For PEG 1000 and 20000, the curves are shifted to bigger pores, while in the
case of PEG 400, smaller pores are predominant. Since porosity strongly influences the material's
mechanical properties, these data correspond to the mechanical characteristics of the tested
geopolymers.
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Fig. 51 The porosity of geopolymer mortars with different content of PEG.
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Fig. 52  SEM photos (10000x magnification) of (a) REF geopolymer mortar, (b) — 10 %
PEG 400, (c) - 0.5 % PEG 20000, (d) — 1 % PEG 1000.
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5.1.4 Microstructure

Micrographs of samples obtained from the mortars with 10 % PEG 400 showed that the
structure is solid and compact (Fig. 52b). In contrast, the structure of REF is a more porous and open
grain (Fig. 52a). The structure of the specimens with 0.5 % PEG 20000 and 1 % PEG 1000
(Fig. 52 c, d) is the most porous, therefore showing the lowest compressive strength. It is also
apparent that the specimen with 1% of PEG 1000 contains needle-shaped crystals of alkali
carbonates. This corresponds to the efflorescence observed in Fig. 53b. However, the structure of
geopolymer mortar with 10 % PEG 400 (which had the maximum compressive strength) did not
show any efflorescence on its surface (Fig. 52a), which may explain its high strength. SEM analysis
proved that the PEGs affect the structure of metakaolin-based geopolymers.

The maximum compressive and flexural strengths were achieved by adding 10 % of
PEG 400. The minimum compressive and flexural strength value was obtained for the specimens
containing PEG 1000 at dosage 1 % and PEG 20000 at dosage 0.5 %, respectively. SEM
observations and porosity measurements confirmed these results. The specimen (10 % PEG 400)
with the highest strength had a dense structure and was less porous.

5.1.5 Efflorescence

Fig. 53 shows that intensive efflorescence was observed on the surfaces of the samples with
1 % of PEG 1000, which has the lowest compressive and flexural strength.

Fig. 53 Geopolymer mortar specimens containing 1% PEG 1000.

No efflorescence was formed on the surfaces of the samples with 2, 5, 7 and 10% of PEG
400. However, the lowest compressive strengths have a specimen with 0.5 and 1 % of PEG 400
(Fig. 54). This corresponds to the mechanical strength results; the specimen with 10 % of PEG 400
has the best mechanical performance.

The most efflorescence also occurred on the surface of specimens with an addition of 0.5 %
PEG 6000 and 1 % PEG 20000, which can be seen in Figs. 55 and 56 below.
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Fig. 54 Geopolymer mortar specimens containing 1 and 10 % PEG 400.

Fig. 55 Geopolymer mortar specimens containing 0.5 % of PEG 6000.
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Fig. 56 Geopolymer mortar specimens containing 1 % of PEG 20000.

The best mechanical properties showed specimens with Vinnapas® 7016 F, which can also
be proved by the absence of efflorescence, except for specimens with 2 % of Vinnapas®, illustrated
in Fig. 57.

The worst mechanical properties showed specimens with Vinnapas® 5023 L; all the
specimens have a considerable amount of efflorescence (Fig. 58).
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Fig. 57 Geopolymer mortar specimens containing 0.5, 1, 1.5 and 2 % of Vinnapas® 7016 F.
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Fig. 58 Geopolymer mortar specimens containing 0.5, 1, 1.5 and 2 % of Vinnapas® 5023 L.

Other specimens have different amounts of efflorescence products on the surface of the
specimen increased with Vinnapas® content.



6 CONCLUSIONS

This work deals with the development, preparation, and study of properties of binder systems
based on alkali-activated aluminosilicates. One of the main aims was to find suitable types of
polymer admixtures at optimal dosage to produce high-quality composite material having good
physical-mechanical properties and high durability and toughness.

In this thesis, two AAA were studied — AAS mortars and metakaolin-based geopolymer;
therefore, two main conclusions can be drawn.

Generally, all admixtures had almost no effect on both compressive and flexural strength of
AAS mortars. The compressive strength values decreased with an increasing amount of PPG and
PEG. The best but slight compressive strength increase was achieved by incorporating 0.5 %
PEG 1000. All types of Vinnapas® admixtures had a negative effect on both compressive and
flexural strength. All results of mechanical tests corresponded to the micrographs of AAS mortars.
The most effective shrinkage-reducing admixture was PPG and Peramin SRA, even at a low dosage.
Modification by 2 % PPG was the most effective in reducing linear shrinkage by 70 % and
modification by 2 % of Peramin SRA by 55 %, respectively.

Nevertheless, in metakaolin-based geopolymer, some admixtures improved its mechanical
properties. The best mechanical properties were observed by modification by 10 % of PEG 400.
Also, the maximum values of compressive and flexural strengths were obtained by incorporating
1.5 % and 1 % of Vinnapas® 7016 H. These results corresponded to SEM observations and porosity
results. The structures of these specimens had dense structures and were less porous than REF
specimens, which explains their high strength. The rest of the used polymer admixtures had a
negligible effect on the mechanical properties, which can be explained by a significant occurrence
of efflorescence.

All PEG polymers with various molecular weights, PPG, and Peramin SRA were stable in
alkaline media to be used to modify AAM. The opposite result was with all types of Vinnapas®
admixtures after alkaline treatment; therefore, they are unsuitable for AAM modification.

In order to increase the application of AAM in industry, it is necessary to extend studies in
this field of science, which are very limited. One of the thesis's main contributions to building
materials engineering is acquiring new knowledge in the field of aluminosilicate alkaline activation.
Finding a suitable way of using the type and amount of appropriate admixtures to enable rheology
control and optimization of mix designs of AAA materials will increase their application in practice
by minimizing the disadvantages (high shrinkage, brittleness) of these materials together with
enhancing their benefits. For example, for restoration and renovation of monuments, especially
where PC cannot fully meet the requirements of the restorer. Also, the AAMs create environmentally
friendly concrete with reduced embodied energy and CO, footprint compared to the traditional
Portland cement-based concrete.

According to the above, the innovative aspect of the dissertation is modified material, which
is low-cost, low carbon, more environmentally friendly and durable than OPC. The second
innovation of the thesis is a novel alternative technique for microstructural characterization of
hydrating AAM to obtain information about the main reaction product (C-A-S-H gel).

The scientific significance of the study is that it provides information on the use of traditional
polymeric additives for concrete in modifying the properties of AAM and their improvement or
minimization of their disadvantages.
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A further contribution of the thesis is the use of the CRM method as a new alternative
characterization technique that illustrates the distribution of the main phases present in the alkali
activated system at different ages. Despite the poor crystallinity of the C-A-S-H gel, the hydration
of slag at different ages can be easily assessed.
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