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Zusammenfassung

Verfliissiger, welche auch unter dem Englischen Begriff “Superplasticizers” bekannt
sind, sind polymere Dispergatoren welche haufig in der Betontechnologie eingesetzt
werden. Bei der neuesten Generation handelt es sich um Polycarboxylatether
basierte Copolymere (PCEs). Diese sind die effizientesten Verfliissiger, welche
sowohl exzellente Dispergierung, als auch verbesserte Verarbeitbarkeit,
Dauerhaftigkeit und Festigkeitsentwicklung bewirken. Eines der grossten Probleme
im Zusammenhang mit dem Einsatz von Verfliissigern, ist die Tatsache, dass diese
dazu flihren, dass das Fliessverhalten des Betons mit der Zeit abnimmt (flow loss).
In der Praxis kann eine Verschlechterung des Fliessverhaltens zu gravierenden
Problemen bei Verarbeitung und Fertigstellung von Beton fiihren. Derartige
Probleme werden auf der Baustelle haufig unzureichend gel6st, indem nachtraglich
PCE- oder im schlimmsten Falle sogar Wasser hinzugegeben wird. Das Ausmass, in
welchem die Fliesseigenschaften abnehmen hdngt von mehreren Faktoren, wie dem

Typ und der Dosierung des Zusatzmittels ab.

Die Abnahme der Fliesseigenschaften wurde im Laufe der letzten Jahre
hauptsachlich durch qualitative und vergleichende Ansatze erklart. Dies ist auf die
Komplexitit zurtickzufiihren, welche die zu Grunde liegenden Mechanismen mit sich
bringen. Zu diesen Mechanismen zdhlt beispielsweise die Verdnderung des
Agglomerationsgrades, welcher eine Folge des Reaktionsfortschritts der
Zementhydratation darstellt. Es wird angenommen, dass sich insbesondere die
Zunahme an spezifischer Oberflache auf den Grad der Dispergierung auswirkt. Der
Grad der Dispergierung steht in Bezug zu den PCEs. Es gilt zu beachten, dass die
PCEs dartiiber hinaus auch Einfluss auf die Hydratationskinetik nehmen. Von einem
experimentellen Standpunkt aus gesehen hinderte der Mangel an verladsslichen
Methoden zur Messung der spezifischen Oberflaiche Wissenschaftler daran, das

Phianomen der Abnahme der Fliesseigenschaften zu quantifizieren.

Folglich liegt der Fokus zu Beginn dieser Arbeit auf der Etablierung verldsslicher

analytischer Methoden zur Charakterisierung frischen Zementleims. Die daraus
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ermittelten Daten kénnen verwendet werden, um die Fragestellung beziiglich der

Abnahme der Fliesseigenschaften in Angriff zu nehmen.

Die Entwicklung der Fliesseigenschaften wurde anhand von Zementleim, welcher
PCEs beinhaltet untersucht. Insbesondere wurde dabei erforscht, inwiefern die
Abnahme der Fliesseigenschaften in Bezug zum molekularen Aufbau der Polymere
steht. Die Dosierung wurde variiert, um eine grofde Bandbreite an urspriinglicher
Fliessgrenze (yield stress) abzudecken. Somit war es moglich Verdnderungen in
Partikelgrosse, spezifischer Oberflache und adsorbiertem Polymer zu erfassen, um

dadurch die Entwicklung der Fliessgrenze genau nachzuvollziehen.

Eine deutliche Abhingigkeit der Entwicklung der Fliessgrenze und
Hydratationskinetik von der Warmeentwicklung (heat rate) nach dem Startpunkt
(onset) wurde postuliert. Der Startpunkt markiert hierbei den deutlichen Ubergang
von der Induktionsperiode (induction period) zur Beschleunigungsperiode
(acceleration period), nach welcher die Fliessgrenze exponentiell ansteigt. Zum
ersten Mal war es moglich aufzuzeigen, dass zwei verschiedene Prozesse - einer
reversibel, der andere irreversibel- vor und nach dem Startpunkt ablaufen. Diese
zeigen unterschiedliche Abhdngigkeiten von der Hydratationskinetik. Als Folge

dessen kann diese nicht durch eine einzelne Gleichung beschrieben werden.

Die Zunahme der Fliessgrenze nach dem Startpunkt hdangt sowohl vom molekularen
Aufbau, als auch von der Dosierung der PCEs und der Zunahme der
Warmeentwicklung ab. Nach dem  Startpunkt verhalten sich die
Hydratationsgeschwindigkeit und Verdnderungen der spezifischen Oberflache
proportional zueinander. Dies deutet an, dass der mechanistische Ursprung der
Abnahme an Fliesseigenschaften durch die Bildung zusatzlicher spezifischer
Oberflache der Hydrate wahrend der frithen Nukleierungs- und Wachstumsphase
begriindet werden kann, und nicht durch die Warmeentwicklung per se. Mit der
Einfihrung eines Zusammenhangs zwischen Fliessgrenze und spezifischer
Oberflache war es moglich, die exponentielle Zunahme der Fliessgrenze quantitativ
zu beschreiben. Hierbei wurden zwei wesentliche Faktoren beriicksichtigt: Die

Veranderung der Partikelgrosse und der Bedeckungsgrad. Beide Faktoren werden
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durch die Polymere induziert. Ein wesentlicher Aspekt der Ergebnisse ist die
Beschreibung der exponentiellen Beziehung zwischen Fliessgrenze und der

adsorbierten Menge an Polymer pro Einheitsfliche Zement.

Die physikalische Interpretation der Abnahme der Fliesseigenschaften als Funktion
der molekularen Parameter der PCEs und der Zusammensetzung des Zements,
welche im Zuge dieser Arbeit postuliert wurden, konnen als eine Art ,heiliger Gral“
der Forschung und Entwicklung an chemischen Zusatzmitteln fiir Zement betrachtet
werden. Die Moglichkeit die Fliessfahigkeit von Beton in Abhangigkeit von der Zeit
genau einstellen zu konnen, ist von hochster praktischer Relevanz, da es die
Einfiihrung neuer Generationen an Kompositzement und die Entwicklung robuster

Formulierungen fiir Zusatzmittel wesentlich vereinfacht.
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Abstract

Superplasticizers are polymeric dispersants widely used in concrete technology.
Their last generation, polycarboxylate ethers-based comb copolymers (PCEs), are
the most efficient ones providing excellent dispersion as well as enhanced
workability, durability, and strength development. One of the most relevant
problems of superplasticized concrete is the flow loss over time. In practice, an
unexpected flow loss could lead to serious problems of placement and finishing of
concrete. Such problems are usually improperly solved by re-dosing the PCE or -
even worse - by adding water on the job site. The extent to which flow loss occurs

depends - among several factors - on the type and dosage of the admixture.

Flow loss in superplasticized systems has been mainly explained in qualitative and
comparative ways over the past years. This is due to the intrinsic complexity of the
underlying mechanism that must involve a change in the agglomeration degree as a
result of minor advancements of the cement hydration. Specifically, increasing
specific surfaces are expected to modify over time the dispersion degrees given by
PCEs that themselves modify hydration kinetics. From an experimental point of
view, the lack of a reliable methodology for measuring specific surfaces must have
additionally discouraged researchers from attempting to understand the

phenomena of flow loss in quantitative terms.

A main initial focus of this thesis has therefore been to establish an ensemble of
reliable analytical methods to study fresh cement pastes to obtain the data that has
been missing in the literature to confidently attack the question of flow loss

mechanisms.

The evolution of the flow properties was investigated on cement pastes with PCEs,
specifically examining how flow loss is modified in relation to the molecular
structure of polymers. The dosages were also varied to cover a broad range of initial

yield stress values. This allowed to properly account for changes in particle size,
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specific surface area, and adsorbed polymer over time, making possible an accurate

rationalization of the yield stress evolution.

A strong correlation between yield stress evolution and hydration kinetics
expressed as heat rate after the onset was established. The onset time marks the
clear transition from the induction to the acceleration period after which the yield
stress grows exponentially. For the first time, it was possible to demonstrate that
two distinct processes - reversible and irreversible - occur before and after the
onset, showing different dependencies on hydration Kkinetics that cannot be

described by a single expression.

The increase of the yield stress after the onset depends on the molecular structure
and dosage of PCEs and the increase of the heat rate. After the onset, hydration rate
and specific surface changes are proportional one to the other. This implies that the
mechanistic origin of flow loss lies in the formation of additional specific surface at
the early stages of hydrates nucleation and growth rather than in the heat rate per
se. Introducing the relation between yield stress and specific surface, it was possible
to quantitatively account for the exponential increase of the yield stress through a
combination of two main factors: a change in particle size and a change in surface
coverage, both induced by the polymers. An essential and original aspect of this
result involves having established the exponential dependence of yield stress on the

amount of adsorbed polymer per surface unit of cement.

The physical interpretation of the flow loss in relation to the molecular parameters
of PCEs and cement composition reached in this thesis can be considered as one of
the holy grails of research and development on chemical admixtures. The ability to
properly tune concrete fluidity over time is of major practical relevance, facilitating
the implementation of new generations of blended cements and the development of

robust admixtures formulations.
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Riassunto

Gli additivi superfluidificanti sono largamente usati nel campo del calcestruzzo come
disperdenti polimerici. I superfluidificanti di ultima generazione, policarbossilati
eteri (PCEs), sono i piu efficienti in quanto forniscono un’eccellente dispersione,
migliori performances in termini di lavorabilita, durabilita e sviluppo di resistenze

meccaniche.

Uno dei problemi piu rilevanti in calcestruzzi in presenza di PCEs e la perdita di
fluidita nel tempo. In particolare, un’inaspettata perdita di fluidita puo portare a seri
problemi durante la messa in opera e rifinitura del calcestruzzo. Questi problemi
sono solitamente risolti in modo inadeguato ridosando l'additivo o - nel caso
peggiore - aggiungendo acqua in cantiere. L’entita con la quale avviene la perdita di

fluidita dipende, tra vari fattori, sia dal tipo che dal dosaggio dell’additivo.

Negli anni passati, la perdita di lavorabilita in sistemi additivati e stato per lo piu
spiegato in modo qualitativo e comparativo. Questo €& dovuto all'intrinseca
complessita del meccanismo di fondo che comporta un cambiamento del grado di
agglomerazione come risultato dell’idratazione del cemento. Piu nello specifico, ci si
aspetta che un aumento dell’area superficiale specifica modifichi il grado di
dispersione nel tempo dato dai PCEs, che al loro volta, modificano la cinetica di
idratazione. Dal punto di vista sperimentale, la mancanza di metodologie affidabili
per la misurazione della superficie specifica ha scoraggiato i ricercatori dal cercare

di capire i fenomeni relativi alla perdita di lavorabilita in modo quantitativo.

L’obiettivo principale di questa tesi € quindi stato quello di stabilire un insieme di
metodi analitici affidabili per lo studio di paste di cemento fresche al fine di ottenere
dei dati ancora mancanti in letteratura che permettano di approfondire il problema

della perdita di lavorabilita.

L’evoluzione della fluidita € stata investigata in paste di cemento con PCEs,
esaminando nello specifico come la perdita di fluidita viene modificata in relazione

alla struttura molecolare dei polimeri. Questo ha permesso di spiegare in modo
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appropriato i cambiamenti delle dimensioni delle particelle, della superficie
specifica e del polimero adsorbito nel tempo, rendendo possibile un’accurata

razionalizzazione del cambiamento nel yield stress.

E stata stabilita un’importante correlazione tra i cambiamenti di yield stress e la
cinetica di idratazione espressi in termini di heat rate dopo 'onset. Il tempo di onset
delimita una transizione chiara tra il periodo di induzione e quello di accelerazione
dopo il quale yield stress cresce in modo esponenziale. Per la prima volta, € stato
possibile dimostrare che avvengono due processi diversi - reversibile e irreversibile
- prima e dopo l'onset, mostrando diverse dipendenze sulla cinetica di idratazione

che non possono essere descritte da una sola singola espressione.

L’aumento di yield stress dopo |'onset dipende dalla strutta molecolare e dal dosaggio
dei PCEs e dall’aumento di heat rate. Dopo l'onset, i cambiamenti della velocita di
idratazione e della superficie specifica sono proporzionali gli uni agli altri. Questo
implica che l'origine meccanicistica della perdita di fluidita stia nella formazione di
una superfice specifica aggiuntiva durante i primi stadi di nucleazione e crescita
degli idrati piuttosto che nei cambiamenti di heat rate in sé. Dall'introduzione della
relazione tra yield stress e superficie specifica, € stato possibile spiegare in modo
quantitativo la crescita esponenziale del yield stress attraverso la combinazione di
due fattori principali: i cambiamenti della dimensione delle particelle della
copertura della superficie (surface coverage), entrambi causati dalla presenza dei
polimeri. Un aspetto originale ed essenziale di questo risultato comporta 'aver
stabilito la dipendenza del yield stress con la quantita di polimero adsorbito per

unita di superficie di cemento.

L’interpretazione fisica della perdita di lavorabilita in relazione ai parametri
strutturali dei PCEs e la composizione del cemento raggiunta in questa tesi puo
essere considerata alla stregua del Sacro Gral nella ricerca e sviluppo nel campo
degli additivi superfluidificanti. La capacita di variare in modo appropriato la fluidita
del calcestruzzo nel tempo € un tema di grande importanza pratica, in quanto facilita
I'impiego di cementi miscelati (blended cements) di nuova generazione e lo sviluppo

di versatili formulazioni di additivi.
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Chapter 1

Introduction

1.1 General introduction

One of the essential problems of superplasticized concrete is the loss of fluidity over
time. The extent to which this happens depends - among several factors - on the

type and dosage of the admixture.

Flow loss is an issue of practical relevance since the required fluidity retention of
concrete depends on each intended application. In ready-mix concretes, the main
requirement is a good slump retention until the concrete is placed on site. This
period of time might be quite long: namely because of traffic jams or long distances
from the concrete plants to the job sites. On the other hand, precast concretes
require a higher water reduction, whereas the fluidity must only be retained during
the first 30 minutes after mixing. On the job sites, the ease with which concrete is
processed is an extremely important aspect to ensure fast placing, thus reducing the

labour costs.
In all these cases, a premature flow loss generally can lead to:

e poor consolidation with negative consequences on strength and durability;

e disposal of the concrete;

e adding water (legally or not) to recover the necessary workability for the
casting, detrimentally compromising long-term performance and durability;

¢ re-dosing of the superplasticizer, which, if overdosed, can lead to segregation.
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The addition of high range water reducers, also called superplasticizers (SPs),
provides excellent dispersion, which makes it possible to produce high quality
concrete with enhanced workability, durability, strength and/or reduced
environmental impact. These admixtures have therefore become an essential
ingredient of modern concrete. In particular, polycarboxylate ethers (PCEs) are now
the most important type of superplasticizers on the market and are the ones studied

in this thesis.

The molecular structure of PCEs is that of comb copolymers with variable molecular
architecture. They are used either alone or in combination with other compounds in
commercial products [1], accounting for an annual production of about two million

tonnes in the construction field [2].

The working mechanism of superplasticizers involves first the adsorption on cement
particles. Adsorbed PCEs then play a key role at the solid/liquid interface acting as
dispersants thanks to the steric repulsion associated with their non-adsorbing
polyether side chains [3-5]. By doing so, they control the state of flocculation that, in

turn, has a strong effect on the rheological properties.

Several factors could affect this fundamental mechanism of action. Among them, the
adsorption of PCEs on cement particles can be compromised by either a competition
with other ions present in the pore solution or a possible sequestration by

aluminates hydrates, reducing their dispersing action [5-8].

The latter case has been proposed to involve either an intercalation in AFm [5,6] or
an increase in the specific surface area due to an enhanced formation of aluminate
hydrates [9]. Both cases involve an effective increase in specific surface with
negative consequences on fluidity [10]. However, the mechanisms and, therefore,
the remedies to them are different. Most recent results point more to the creation of
additional surface and it has been the objective of this thesis to examine this

question critically and quantitatively.

In practice and to some extent, these perturbing phenomena can be tuned by
varying the admixture dosage to reach the desired initial fluidity. However, the

subsequent evolution is much more problematic to manage. Furthermore, the
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transient nature of the bonds forming among hydrating cementitious phases
complicates the evaluation of the rheological properties. Due to the complexity of
both of these processes and of cementitious systems themselves, flow loss
phenomena in superplasticized systems have been mainly explained in qualitative

and comparative ways over the past years [11-13].

A physical interpretation of the flow loss in relation to the molecular parameters of
PCEs and cement composition can be considered as one of the holy grails of research
and development on chemical admixtures. The ability to properly anticipate and
regulate concrete fluidity over time would be a tremendous practical benefit [14]. In
particular, it would facilitate the use of new generations of blended cements with
reduced environmental impact, in addition to paving the way for robust admixtures

combinations.

This PhD tackles fundamental scientific questions relating to this ambitious goal.
Specifically, it focusses on the conditions causing flow loss of cement pastes. To
generate truly novel and quantitative insight into this question required the
development of reliable analytical methods to study fresh cement pastes in terms of
specific surface and aqueous phase composition. A quantitative relation is obtained
explaining changes of yield stress after the onset in relation to changes in particle
size and polymer adsorption per unit surface. This detailed understanding should
pave the way to a knowledge-based design of concrete formulations having both a

reduced environmental impact and predictable performance.

1.2 Objective of the thesis

The main aim of this work is to study how comb-shaped copolymers induce and
affect the flow loss of cement pastes. The evolution of the flow properties is
investigated on cement pastes with PCEs, specifically examining how it is modified
in relation to the molecular structure of polymers. The dosages are also varied to

cover a broad range of initial fluidity values.
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A fundamental question is to determine if and to what extent this phenomenon is
related to the increase of cement surface area caused by hydration. Indeed, with a
higher specific surface, the number of contact points between particles and the
average force at these points should increase. While conceptually simple, this view
point required a quantitative experimental approach able to incorporate

considerations on the molecular structure and dosage of PCEs.

From this perspective, the impact of PCEs on early hydration kinetics should play an
important role. This has allowed us to capitalize on recent results regarding the
retardation induced by PCEs [15,16]. Similarly, to those studies, this thesis has made
it possible to rationalise all results in terms of a master curve, whereby flow loss can

be expressed as a function of molecular structure, dosage and hydration kinetics.

1.3 Structure of the manuscript

The manuscript is structured as follows:

Chapter 2 presents the state of the art of the research. It is divided in 5 parts dealing
with comb-shaped polycarboxylate superplasticizers (PCEs), cement hydration with
and without PCEs, adsorption of superplasticizers and rheology of cementitious
systems. Parts of these sections include the personal contribution published as three

chapters of the book Science and Technology of Concrete Admixtures [10,14,17].

Chapter 3 establishes and describes a reliable method to measure the specific
surface area of cementitious materials by nitrogen adsorption adopting the BET
model for the data analysis. This was initially developed on anhydrous cement and
synthetic ettringite and validated on early-aged superplasticized cement pastes. Part
of the chapter is dedicated to the stop of hydration by solvent replacement. The
presented protocols, providing robust experimental results, overcome previously
known issues in the sample preparation of delicate hydrating cementitious systems.

This chapter has been published as two journal and one conference papers [18-20].

Chapter 4 reports the development of an ICP-OES method for the characterization

of cementitious pore solutions from superplasticized early-aged cement pastes. The
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main challenge was the quantification of ultratrace elements in pore solutions, the
latter being very concentrated matrices. Besides, it was evidenced how the addition
of PCEs cause major changes in cement pore solutions, from the alteration of both
dissolution and nucleation of cement phases. A robust characterization of pore
solutions is therefore crucial for a detailed understanding of the working
mechanisms of chemical admixtures. This chapter consists of a journal paper
recently published in Cement and Concrete Research [21]. It has been featured as
“Highlight of Analytical Sciences in Switzerland” in a recent issue of CHIMIA, the
Official Membership Journal of the Swiss Chemical Society (SCS) and its Divisions

[22].

Chapter 5 analyses the effect of PCEs on the evolution of the fluidity in cement paste
showing the relation between increase of yield stress and heat rate. Part of this
chapter includes the detailed description of the principle we use to define correctly
the onset time, after which the yield stress shows an exponential growth. Based on
this, it was possible to identify an authentic master curve showing the dependence
of the flow loss on the molecular structure and dosage of PCEs. Results in this

chapter are not yet published.

Chapter 6 introduces a clear distinction between the induction and the acceleration
period through a clear and quantitative approach. It also establishes a novel
approach to express the dependence of yield stress on surface coverage. This proves
to be essential in the analysis of the master curve on which this chapter focusses.
The essential result is that changes in yield stress can be quantitatively related to
changes of particle size and surface coverage. This is the main and most original
result of this thesis, which heavily relies on the methods developed in the previous

chapters. Results in this chapter are not yet published.

Chapter 7 presents the general conclusions and the outlook of this thesis.
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The graphical depiction of the manuscript structure is reported below, where the
circles are the chapter numbers.

r \
SSAger

Methods

ICP-OES

RESULTS

Flow loss

DISCUSSION
- J

@@ 6




Chapter 2

State of the art

Part of this chapter is based on the personal contributions to three chapters written
as second author by Sara Mantellato for the book Science and Technology of Concrete

Admixtures [10,14,17]:

e Section 2.3.1 of the present chapter is based on section 10.2 in Chapter 10 -
Adsorption of chemical admixture [10];

e Sections 2.3.4 and 2.4.4 of the present chapter are based on sections 16.4.1
and 16.3, respectively, in Chapter 16 - Superplasticizers in practice [14];

e Sections 2.4.1-3 of the present chapter are based on sections 7.2-4 in Chapter

7 - Concrete rheology: a basis for understanding chemical admixtures [17]
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2.1 Cement hydration

Clinker is the main component of Portland cement and it consists of four main
phases: alite, an impure form of C3S, belite, an impure form of C2S, and an interstitial
phase composed of two phases based on tricalcium aluminate (C3A) and
tetracalcium aluminoferrite (C4AF). During the grinding of clinker, a sulfate carrier,
either gypsum or one of its dehydrated forms, is added to the clinker to form

Ordinary Portland Cement (OPC).

The OPC hydration involves the dissolution of these phases in solution and the
precipitation of new hydrates. The hydration products from silicates hydration
include a calcium silicate hydrate (C-S-H), sometimes referred to as a gel because of
its lack of long-range order, and a crystalline phase called portlandite (calcium
hydroxide). The hydration of aluminates in presence of calcium sulfate leads to the
formation of two different families of phases: trisulfoaluminoferrite hydrates (AFt)

and monosulfoaluminate hydrates (AFm).

2.1.1 Hydration of aluminates

C3A accounts for about 5-15% of the total mass of OPC. C3A plays a major role in the
first hours of hydration, impacting mainly the rheological performance, with minor
effects on the mechanical properties. In absence of sulfates, C3A reacts quickly with
water leading to the formation of meta-stable calcium aluminate phases having a
double layered structure with hexagonal symmetry, C4AH19 or C4AH13 and C2AHs
[23]. With time, they finally transform to a stable hydrogarnet product, C3AHs. This
process leads to a rapid and inexpedient setting, called flash set, that limits the

workability timeframe, but also silicates hydration [24].

The addition of calcium sulfates (typically about 5 wt % with respect to the overall
content of the cement) during the grinding of clinker enables slowing down the
setting. In presence of sulfates, the hydration of C3A leads to the formation of

ettringite (AFt):
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CsA + 3C$H, + 26H — Cy4A$5Ha, (2.1)

Ettringite presents different morphologies that can vary from short hexagonal
prisms to long needles, depending on the degree of supersaturation [25]. Ettringite
is stable as long as the concentration of sulfates in solution is high enough, which

can generally be related to whether calcium sulfates are still available in the system.

As the calcium sulfate content decreases, monosulfoaluminate (AFm) forms from the

reaction of the previously formed AFt with the remaining C3A.
ZC3A + C6A$3H32 + 4‘H i 3C4A$H12 (2'2)

As shown in Figure 2.1, the heat rate evolution of the C3A hydration in presence of
gypsum shows different steps [26]. C3A hydration is a dissolution/precipitation
process in which the key factor is the sulfates content in solution. Just after the first
seconds of mixing with water, C3A dissolves quickly in presence of gypsum releasing
a high amount of heat that is reflected by an intense exothermic peak in the
calorimetry curve (stage a in Figure 2.1a). After this initial period of rapid reaction, a
deceleration of the hydration occurs while the presence of sulfates still ensures the
formation of ettringite from aluminates released by the continued C3A dissolution

(Figure 2.1b), as shown during the stages b and c in Figure 2.1a.

Pratt and Scrivener [28] questioned the possibility that ettringite needles, in the
form of hexagonal rods, could form an effective coating as proposed previously
[23,24], suggesting, in turn, the formation of disorganized gel-like layer. Years later,
the composition of this layer was identified as small needles of ettringite with a
massive presence of AFm sheets in C3A-gypsum system. However, it was also clearly
shown that C3A surface is coated even without gypsum [25,26,29]. The fact that only
the system with gypsum shows a deceleration therefore discredits the theory of the
diffusion barrier. Minard et al. [26] observed that the duration of the slow reaction
linearly extends as the gypsum content increases and the C3A surface area

decreases. The formation of ettringite and the gypsum dissolution occur at the same
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rate, implying that the hydration reaction is controlled by the C3A dissolution which

is slowed down by the adsorption of sulfate ions on reactive sites.
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Figure 2.1: (a) Heat rate and conductivity measurements during C3A hydration with gypsum in
saturated solution with respect to portlandite from Minard et al. [26]; (b) Evolution of the
phase assemblage monitored by in-situ XRD combined with heat flow measurements for a
pure CzA-gypsum system (35% gypsum) from Quennoz and Scrivener [27].

When all the calcium sulfate is consumed, an acceleration of the C3A dissolution rate
is observed corresponding to the second sharp exothermic peak followed by an
exponential decay (Period 2 in Figure 2.1a). At this stage, AFm platelets start
forming (Figure 2.1b). However, AFm formation might be hindered in favour of
ettringite precipitation by replacing gypsum with a more soluble hemihydrate [30].
This heat rate evolution has been recently explained from the nucleation and growth
of AFm phases on dissolving C3A surface. The acceleration is related to the formation
of AFm nuclei on the free C3A surface. This, in turn, depends on the initial gypsum

content, that limits the dissolution of C3A, as explained previously. When the

growing hydrates start impinging, a deceleration is observed [27].

2.1.2 Hydration of alite

The C3S, referred to alite, constitutes about 50-70% of the total mass of OPC. Alite is
a form of tricalcium silicate with impurities of aluminium, magnesium, iron, or

sodium. From its hydration, C-S-H and portlandite (CH) precipitate.
C;S+ B3—-x—-n)H,0 » C,—S—H,+(3—x)CH (2.3)

where n represents the water to silicate ratio in C-S-H.
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The hydration of alite can be divided in five periods according to the calorimetry
curve, as shown in Figure 2.2. These stages, discussed in the following subsections,

are interpreted in relation to different rate limiting mechanisms.

B. Solution phase analysis
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Figure 2.2: Illustration of the different stages of alite hydration following the CaZ2+
concentration evolution and the associated heat flow measured by isothermal calorimetry
[31].

2.1.21 Initial dissolution and induction period (Stages I and II)

The initial dissolution of alite is represented by the first exothermic peak in the heat
rate curve (stage I in Figure 2.2). This stage is followed by a rapid decrease of the
heat rate in the first minutes of hydration. As alite is a very soluble phase, a high
supersaturation is reached in the aqueous phase with respect to C-S-H and
portlandite with the consequent rapid precipitation of these phases. Therefore, both
the first deceleration step and the induction period (stage Il in Figure 2.2) are
theoretically not expected and their occurrence is still a matter of debate [32]. Three
main theories have been proposed in the past years for explaining the transition

between these two hydration stages.

The former theory involves the formation of an impermeable protective layer made
of a metastable form of C-S-H that covers alite particles preventing its further
dissolution [33]. The breakage of this layer due to either the formation of a more

stable and soluble C-S-H [33,34] or a change in osmotic pressure [35] could explain
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the end of the induction period. However, no clear evidences experimentally

confirmed such insoluble layer [36,37].

The geochemical theory, in which the dissolution rate is dependent on the
undersaturation of the solution with respect to the dissolving phases, is then
favoured to explain this mechanism [38-40]. As long as the system undersaturation
is high, a fast dissolution occurs through the simultaneous formation of etch pits on
the surface defects combined with step retreat. However, approaching a threshold
degree of undersaturation, in correspondence to the portlandite saturation, the
dissolution rate substantially slows down [38,41]. By decreasing the
undersaturation, the dissolution process is governed by step retreat of the pre-
existing etch pits [38]. This slow dissolution might be explained adducing either the
hydroxylation of the C3S surface [38,39], that reduces its solubility, or passivation of
etch pits opening. This view is supported by recent findings showing that the C3S
surface is hydroxylated even before the contact with water and that the number of
hydroxylated silicates remain roughly constant until the end of the acceleration

period [42].

The latter theory considers the formation of C-S-H nuclei just after few minutes from
the initial contact with water [43,44]. This is supported by analyses of solution
compositions showing a drop of the silicon concentration at the end of the induction
period [45]. In addition, the promoted nucleation induced by the addition of C-S-H
seeds in cementitious systems leads to a faster C3S hydration, eliminating, at
extreme cases, the induction period [46]. This suggests that the induction and the
acceleration period are controlled by the nucleation and the growth of hydrates,
coupled with the first dissolution stage. This theory, however, fails to clarify the first

rapid deceleration step.

2.1.2.2 Acceleration period (stage III)

The beginning of the acceleration period is represented by the massive increase of
the heat rate measured due to an increased C3S dissolution (stage III in Figure 2.2).
At this stage, both C-S-H and Portlandite start growing rapidly. The formation of C-S-

H is responsible for the hardening and the strength development of hydrating
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cementitious matrices. It is a poorly crystalline phase with a variable stoichiometry,

whose Ca/Si ratio is approximately 1.7.

Portlandite nucleation and precipitation, very often observed as small bump at the
end of the induction period [47,48], has been suggested as a possible trigger for the
accelerated hydration rate [49]. This is inferred from a change of the solution
composition with the drop of calcium concentration leading to a renewed C3S
dissolution [47,50], rather than a mere presence of portlandite nuclei. However, this
theory remains still controversial because the resulting interpretation is influenced

by the theory used to explain the induction period [49].

The acceleration period is widely believed to be due to the growth of C-S-H, that
lowers the ionic concentration towards a new undersaturation state promoting alite
dissolution. However, it remains unclear whether the growth rate is affected by a
critical size and amount of small nuclei [45,46], changes in morphology and/or
composition of the C-S-H - in form of aggregates of nanoscale particles [51-54],
defective sheets of silicate layers [55,56] or polymerized silicates [42]-, or changes

in the distribution and orientation of C-S-H in the pores [57].

2.1.2.3 Deceleration period (Stages IV and V)

The deceleration period (stage IV in Figure 2.2) has been explained by different
theories: from the densification of the loosely packed C-S-H due to space restriction
[58] to the impingement among growing hydrates [58,59], and the slower diffusion
of ions through the hydrates [43-45,50].

The view that densification of C-S-H plays a dominant role is supported by pic (an
open-source three-dimensional microstructural modelling platform) simulation and
ESEM observations [57,58]. Specifically, C-S-H grows as needles with a well-defined
shape outside the grains until the surface is covered and a new densified C-S-H
starts growing. However, this cannot explain alone the lower rate of hydration at

this stage.

Another interpretation was proposed by Garrault et al. [43-45]. It states that water

access to the surface of hydrating C3S becomes limited because of the formation of a
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hydrated shell around the grains. In this case, the hydrated layer thickness is much
larger than the layer that some researchers advocate to control the initial hydration
phase. Specifically, Garrault and co-authors propose that the onset of the
deceleration depends on a balance between growth rates parallel and perpendicular

to the surface.

In contrast, Bazzoni [57] evidenced that the densified C-S-H preferentially grows at
the interface between anhydrous grains and the previously formed needles. In other
words, these observations tend to rule out the presence of an impermeable layer to
account for the deceleration period. The argument about C-S-H densification might
be linked to the formation of polymerized C-S-H having longer chains that Pustovgar
et al. [42] showed to start forming at the onset of the deceleration. Such a process
would slow down the dissolution process reducing the C-S-H growth rate. A similar
conclusion was proposed by Bullard et al. [40], who indicated that a decrease in the
fraction of C3S surface that can dissolve (i.e. that is not covered by C-S-H) should be
considered as an explanation for the deceleration period. This interpretation differs
from the one by Garrault et al, since the surface is not considered to be

homogeneously covered.

2.1.3 Hydration of OPC

For a better understanding the hydration of OPC, it is important to take into
consideration the synergic interactions among the different phases, involving mainly
the balance between silicates, aluminates and sulfates. Without sulfates, the
presence of aluminates in solution inhibits the silicate hydration [24,60-62]. At low
content of gypsum, the extent of the silicate hydration increases and the sulfate
depletion point is delayed. Beyond about 4% of gypsum by the total mass of cement,

the sulfate depletion point appears right after the silicate peak (Figure 2.3) [24,63].

As for alite, the hydration kinetics measured by isothermal calorimetry can be
divided in five similar steps. The main differences come from the initial precipitation
of ettringite, the secondary precipitation of ettringite after the main dissolution peak

of C3S and the formation of AFm phases at the last stage, as shown in Figure 2.3.
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Figure 2.3: Schematic heat rate evolution during ordinary Portland cement hydration.

Many studies demonstrated that the C3S dissolution is slowed down by the presence
of aluminium ions in solutions [60-64]. In particular, a longer induction period was
observed either by direct addition of aluminium [62] or release of aluminium from

alite [60,63].

Explanations for this behaviour include a surface poisoning through either the
adsorption of aluminium ions on pre-existing etch pits [61] or the formation of
covalent bonds between Al and silicates (Si—0—Al) stabilized by Ca?* ions [64] that
reduce the C3S dissolution rate. It has been demonstrated that this process is
strongly dependent on the pH and aluminium concentration. At mildly alkaline
conditions (8 < pH < 12), the C3S dissolution rate is reduced even at very low
aluminium concentrations [61,62,64], whereas the passivation seems to disappear
at pH higher than 13 [61]. Recent MD simulations has shown that Al ions desorbs in
presence of calcium, sodium and hydroxide ions at pH > 13 [62], confirming the

ineffective action of aluminium on the C3S dissolution rate at any concentration [61].

Furthermore, Begarin et al. [60] indicated that calcium aluminate silicate hydrates
(C-A-S-H) formed during the hydration of alite do not act as nuclei to C-S-H growth
with the consequent delay of alite hydration. Finally, Quennoz and Scrivener [63]
concluded that the presence of aluminate hydrates in the space for the nucleation
and growth of C-S-H could be the responsible for the extension of the induction

period.
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In properly sulfated C3S-C3A systems, sulfates cancel the retarding effect of the
aluminates causing an early appearance of the main silicate hydration peak and a
shorter induction period with respect to the unsulfated system. The presence of
sulfates, independently of their addition time [62], results in the consumption of free
aluminium ions through the precipitation of poorly soluble ettringite. The
aluminium concentration in pore solution is then reduced preventing its negative

effect on C3S hydration [62,63].

2.2 PCE superplasticizers

The latest generation of superplasticizers (SPs) are polycarboxylate-ethers (PCEs).
They were developed in the mid-1980 in Japan, but they overwhelmingly entered
the market only about fifteen years later, replacing the old-generation polymers
based on PNS (Polynaphtalene Sulfonates) and LS (Lignosulfonates). Versatile
chemical structures and excellent water reduction capability (up to 40%), showing a
good workability retention at low water to cement ratio even at very low dosages,

are the main qualities responsible for their massive use.

PCEs are comb-shaped copolymers. The polymeric backbones consist of monomers
bearing carboxylic acid groups, typically acrylic or methacrylic acid, to which non-
ionic polyether side chains are attached. In alkaline media, the carboxylic groups
dissociate conferring a negative charge to the backbone. The anionic backbone of the
polymer is responsible for the adsorption of the PCE onto the positively charged
cement particles. The dispersing ability is due to the steric hindrance induced by the
non-adsorbing side chains. While the adsorption depends strongly on the number of
free carboxylic groups, the steric stabilization depends on the amount and length of

the side chains of the adsorbed polymer [2,65,66].

Two main synthetic paths are commonly used for the PCEs production in the
industry (Figure 2.4): one is the free-radical polymerization of a monomer bearing

carboxylic groups and a monomer bearing the side chain; the other approach
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consists of the esterification of a pre-formed backbone, bearing carboxylic groups,

with monofunctional PEG (polyethylene glycol monomer).

Free radical copolymerization

R R
n + m A
Radical initiator
(0] (0]
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OH

Polymer analogous esterification
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OH 0]

CH3;

Figure 2.4: Schematic representation of the two main routes for synthetizing an acrylic or a

methacrylic-based PCE (R = H, CH3) [2].

The main peculiarities are summarized in Table 2.1. Besides these, controlled radical

polymerization techniques have been recently developed, such as Reversible

Addition-Fragmentation chain-Transfer (RAFT) polymerization, enabling the

production of relatively monodisperse PCEs having a well-controlled architecture

[67,68]. The combination of specific monomers in favour of other ones for both

backbone and side chain is intentionally studied to change the adsorption capability,

and therefore, the rheological properties of PCEs as well as their tolerance against

sulfates and clays.
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Table 2.1: Main features for free-radical polymerization and esterification

Free-radical polymerization

Polymer esterification

Cheaper and faster due to easy accessibility
to monomers

Pre-formed backbone needed (in principle,
one more synthetic step)

Gradient distribution of the side chains due
to the different monomeric reactivities
after activation

Random distribution of the side chains along
the backbone

Easy incorporation in the backbone of
monomers with different chemical
structure

Controlled length of the backbone

High polydispersity

Low polydispersity

2.3 Adsorption

The working mechanisms of numerous chemical admixtures involve the adsorption

of water-soluble compounds at a solid-liquid interface. For a given dispersant, its

impact on fluidity increases with dosage, provided that the admixture continues to

adsorb on the surface of the solid particles to disperse. On the basis of the synthetic

nature of PCEs, one can target specific performances by changing the chemistry of

the backbone and its length, the number of ionic groups with respect to the side

chains (expressed as C/E ratio or grafting density), the length of the side chains, etc.

All of these factors affect the adsorption, which in turn affects the rheological

properties, as evidenced in numerous papers [11,12,69-73].

2.3.1 Adsorption and fluidity

2.3.1.1 Initial fluidity

The adsorption increases with polymer dosage until the surface of the solid particles

is completely covered. At the same time, the fluidity increases and approaches a

maximum level that is dictated by the adsorbed conformation of the polymer and

the saturation of the surface [12,74] (Figure 2.5).
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The polymer affinity for the surface has a critical effect on the amount of polymer
that must be added before the surface is covered. For example, a polymer with a low
affinity for the surface will have to be dosed in large amounts because a substantial
part of it remains in solution rather than being adsorbed. This has led authors to
define the so-called saturation dosage, above which a further addition of polymer

does not much affect the fluidity.
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Figure 2.5: Critical and saturation dosages with respect to the dispersing ability. Adapted
from Hanehara and Yamada [74].

Another concept that is found in the literature with regard to polymer efficiency is
the critical dosage. This is defined as the dosage above which a dispersion effect is
noticed. However, values of this dosage are extremely dependent on the
experimental conditions, such as the water-to-cement ratio (w/c) or volume

fraction, the type of cement, and the type and the chemical structure of the polymer.

2.3.1.2 Fluidity retention

Vickers et al. demonstrated that the loss of fluidity depends on the amount of
polymer remaining in solution [13]. This might be explained by considering that a
reserve of polymer is available in solution to adsorb on newly formed hydrates [8].
The question of why some polymers that do not adsorb initially would adsorb later

in time has two possible answers.
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The first is that if there is equilibrium between the solid particles surface and the
solution, then the distribution of polymers between both depends on the ratio of the
surface area to the solution volume. Consequently, if more surface is created, at least
one part of the non-adsorbed polymers will move onto the newly created surface,

even if the original surface is not fully covered.

The second reason is that during the initial couple of hours of hydration, most of the
hydrates formed are aluminates for which the polymers have a higher affinity.
Therefore, we could consider that aluminates may initially be at full surface
coverage, but not silicates. As long as polymers are available in solution, they would
extensively adsorb on the aluminates while remaining in equilibrium with partially

covered silicate surfaces (see section 2.4.3.4).

Apart from this, another general consideration is that the workability is lost much
faster in cases of partial surface coverage than of full surface coverage [11]. The
explanation lies in the ability of adsorbed admixtures to modify the chemical
kinetics of cement hydration and the associated creation of new surfaces that are
detrimental to workability. Additionally, partially covered particles more easily let
polymers rearrange themselves on their surfaces, which means that contacts
between uncoated parts of cement surfaces are more likely. Since these have

stronger cohesive forces it is highly detrimental to fluidity.

2.3.2 Adsorption isotherms

The adsorption measurements are typically carried out by solution depletion. In this
approach, adsorption is determined by measuring the difference between the

amount of admixture added and its fraction remaining in solution after a given time.

Adsorption results are usually reported in terms of surface coverage (6). In this case,
the surface coverage is obtained by dividing the adsorbed polymer by the
adsorption at full coverage. The limitation here is that the full coverage does not

necessarily correspond to the value at the plateau, mainly in the case of competitive
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adsorption. The choice of an appropriate reference material for which the plateau

has been reached could overcome this problem.

A valid alternative is to express the adsorption as the ratio between the amount of
adsorbed polymer and the surface of the solid, provided reliable surface area
measurements can be made. The most common choice, although with the poorest

physical meaning, remains the adsorption with respect to the initial mass of solid.

Several models have been proposed to adequately represent the adsorption
behaviour of polydispersed and grafted polymers, as in the case of PCEs. The most
popular model is the Langmuir adsorption isotherm, where the adsorbed amount is
supposed to be proportional to the concentration in solution. This is valid at low
polymer concentration and the slope of the linear range gives the adsorption
equilibrium constant. However, at higher dosages, the distribution of the polymer
between surface and solution is altered and the change in conformation to maximize
the adsorption depends on the adsorption energy. At the plateau, the interaction
between polymer and cement is dynamic and the equilibrium is a balance between
adsorption and desorption. Indeed, it has been demonstrated that polymers are not
immobilized on the surface and are more likely to be displaced by water [75] or

other ions [7,76].

Adsorption isotherms of superplasticizers show two distinct regimes depending on
the concentration of polymer added in solution (Figure 2.6). At low concentrations,
adsorption isotherms show a linear range in which the adsorbed amount is
proportional to the solution concentrations. In spite of the high affinity observed for
LSs in the linear range [77], the adsorption of PCEs is relatively limited and very
differentiated depending on the molecular architecture [78]. The linear range can be
explained adducing a preferential adsorption of some fractions of polydispersed
PCEs with respect to others [69,79]. In contrast, only a constant and small portion of
polymer is adsorbed on the free surface, so that the equilibrium between the
number of sites occupied and the amount of polymer has to be established.
Increasing the solution concentration, polymers tend to rearrange their

conformation to minimize the system free energy - enhancing the adsorption
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process - until a plateau is reached and the adsorbed amount is independent of the

solution concentration [80,81].
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Figure 2.6: Adsorption data of different polycarboxylate polymers plotted as a function of the
added polymer amount from Houst et al. [77].

The equilibrium constant provided by Marchon et al. [7], resulting from the ratio
between the adsorption (k$) and desorption (k%) rate constants, links the structural
parameters of a polymer to its adsorption capability. It considers that the adsorption
kinetics is linked to the surface charge density of the adsorbed molecules

z(N — 1) /(P®/*°N3/1°) and the number of repeating units (n) leading to:

kg 2(N-1)?

=A== 7 (2.4)
k$  nP9/5N3/5

Ky
where z is the number of charges carried by each monomer in the backbone, N
corresponds to the monomers in the backbone and P the monomers in the side chain

(Figure 2.7).

However, it is worth noticing that in cementitious systems the cement surface
evolves over time limiting the contact time for the interaction with the PCE and the
reaching of a true equilibrium is questionable. Furthermore, PCEs do not adsorb
uniformly on the different cementitious phases, rather preferably on aluminates

than silicates [82-84].



State of the art 23

2.3.3 Adsorption of superplasticizers

Comb-copolymers can be described as the assemblage of n repeating structural
units, each containing N or C/E +1 monomers (as C/E = carboxylic to ester ratio) in

the backbone and one side chain of P monomers as indicated in Figure 2.7.

—+ 1 — 2 —— N =
[

\‘// N
AN

(1)
//J\\
\2/1

\T
i
(p)
\_/

n

Figure 2.7: Schematic notation of the structure of a comb-shaped copolymer or
homopolymer made of n repeat units each carrying one side chain made of P monomers
and a backbone segment of N monomers.
Gay and Raphaél proposed various possible chain conformations in good solvent
[85]. Based on the structural parameters listed above, five groups can be identified
(Figure 2.8). Among them, FBW (Flexible Backbone Worm) conformation can

represent common PCEs in a good solvent (as water), having side chains

significantly shorter than the backbone.

In solution, the hydrodynamic radius of these polymers (R.) follows a scaling law of

its molecular structure parameters [65,85]:

1/5

ay\? (1 -2

R, = ((_N) M) a,PY/SN1/5n3/5 (2.5)
ap 2

This relation was recently confirmed by Gelardi et al. using a combination of
methods (SEC, DLS, SANS) [86]. However, some uncertainty on the exact value of the

pre-factors was highlighted.

The conformation of such comb-shaped copolymers when adsorbed through their
backbones can be derived in a similar way assuming a 2D self-excluding chain of

adsorbed cores of which the radius of gyration is:
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a 1/5
Ry = (2\/2(1 - 2x) a—”) apP7/10N-1/10 (2.6)
N

where ay and ap are the size of the backbone and side-chain monomers respectively
[65]. For methacrylic acid monomer, ay = 0.25 nm and for PEG ap = 0.36 nm. y is the

Flory parameter and is equal to 0.37 for PEG.
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Figure 2.8: Phase diagram for comb-shaped homopolymers with the structure defined in
Figure 2.7. Reproduced from Gay and Raphaél [85].

Rac defines the adsorbed layer thickness which plays an important role in steric
hindrance. Additionally, the surface S4 occupied by each molecule on a particle,

expressed in nm? per molecule of polymer, can be calculated from:

Sp=— 21— 250 %) porioysio (2.7)
A‘ﬁaNaP 1- X)a n .

Molecular mass plays an important role in superplasticizer adsorption, regardless of
their molecular nature. Reports about this can be found for sulfonate naphtalene
formaldehydes polycondensates (SNFCs) [87], LSs [88,89], vinyl copolymers [79],
and PCEs [69,71,90]. Also, the adsorption of PCEs is affected by their specific

polydispersity in size and structure [69,79].

The density of ionic groups in the backbone is the most important parameter during
adsorption. Indeed, PCE adsorption increases with the density of ionic groups on the

backbone [12,91]. Interestingly, independent studies from Regnaud et al. [91] and
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Winnefeld et al. [69] suggest that adsorption drops strongly below a C/E ratio of 2,
regardless of the length of the side chains [92].

2.3.4 Ineffective adsorption

The effectiveness of superplasticizers depends on the number of adsorbed
molecules (surface coverage) and on the conformation in their adsorbed state. Any
factor affecting them may perturb the performance in the cement fluid state. In
particular, various processes can reduce the amount of superplasticizers available

per unit surface of fine particles in suspension. These can be summarized as follows:

e Competitive adsorption by which the preferential adsorption of a compound,
namely sulfates [76,93], hydroxides [7,94], and retarders [95] prevents the
superplasticizer from adsorbing. This depends on the relative affinity of the
competing compounds for surfaces as well as on their relative
concentrations;

e Formation of organo-aluminate phases [6,96], that sequestrate admixtures in
the internal layers of AFm phase [5];

e Adsorption of PCEs onto clay minerals due to the strong affinity of their PEG-
based side chains for clay minerals, mainly smectites [97-100];

e Increased specific surface area due to the modification of the surface on
which admixtures adsorb. This occurs by the interaction of PCEs with
hydration products, mainly ettringite, having higher specific surface area

than anhydrous phases [9,101-103].

Due to the limitations of the solution depletion method used for adsorption
measurements, an apparent increase of the adsorption degree might be observed in
combination with a marked fluidity reduction. This is likely to occur when PCEs are
either precipitated or intercalated. It is also expected to occur for adsorption
measurements performed over time when additional surfaces are created by
hydration, so that the polymer initially remaining in solution is somehow consumed

and the yield stress increases. While often discussed in qualitative terms, this
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question has never been systematically addressed and it is an important objective of

this thesis to do so.

2.4 Concrete rheology

Concrete can be considered as a multiscale material in which solid particles (coarse
aggregate) are suspended in a mortar matrix, while the mortar matrix can be viewed
as a suspension of sand particles in a finer matrix (cement paste). Concrete can also
be seen as a biphasic material, in which rigid sand and coarse aggregate particles are
suspended in a cement paste matrix. It is important to mention that the action of
chemical admixtures takes place at the paste level and that their effects are felt right

up to the concrete level.

The rheology of concrete changes with time, due to reversible physical phenomena
(flocculation of its fine particles) and irreversible chemical reactions due to cement
hydration. In addition to mix design, concrete rheology is strongly influenced by the
concurrent effect of several parameters. Among them, the effect of superplasticizers

will be discussed in detail below.

2.4.1 Different rheological behaviour

Rheology is defined as the science of deformation and flow of matter under the
influence of stresses [104,105]. It is a science at the intersection of solid and fluid
mechanics dealing more specifically with the relationship between shear stress,

shear rate and time.

Several rheological models have been proposed to describe the flow curve of
materials. These models are identified according to the macroscopic response of the
material subjected to various shear rates. The most common models are shown in

Figure 2.9.

Unlike the Newtonian model, the Bingham curve does not pass through the origin,

although above the yield stress 7, [Pa] the increment in shear stress is proportional
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to the increment in shear rate and the proportionality factor is called plastic

viscosity u, [Pa - s] (Figure 2.9).
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£
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Figure 2.9: Illustration of different rheological behaviours — the cases of shear thinning and
shear thickening shown include a yield stress, which is not necessarily always the case.

The Bingham model can be expressed as:
T=To+ WY (2.8)

Among the non-Newtonian fluids whose viscosity depends on shear rate or shear
rate history, two different behaviours can be observed: shear thinning and shear
thickening. Shear-thinning fluids are characterized by a decrease in the apparent
viscosity when shear rate increases, where the apparent viscosity is defined as the

ration * /)'/ at the value of y under consideration. On the other hand, shear-thickening

fluids correspond to materials for which the viscosity increases as the shear rate
increases. The most commonly used model to describe the rheological behaviour of

these fluids is the Herschel-Bulkley model given in Equation (2.9):
T= 1o+ Ky" (2.9)

where K is the consistency factor and n is the shear-thinning index (shear thinning if
n < 1, shear thickening if n > 1). We note however that with n > 1, because of yield
stress, the behaviour will be shear thinning initially and then turn to shear

thickening at higher shear rates.
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Below the yield stress, the mixture does not flow and behaves as an elastic material.
A number of other materials apparently do not flow under gravity, and are thus
referred to as yield stress materials. The statement that a material does not flow is
of course associated with the time of observation. In suspensions such as
cementitious materials, yield stress is a consequence of the attractive interparticle
forces between cement grains and other fine particles that may or not be in the mix
[106,107]. This yield stress is then amplified by the presence of inclusions such as

sand and coarse aggregates.

The existence of a yield stress has long been debated [108-110], mainly because of
the inherent difficulty in measuring it. Indeed, yield stress is most often determined
by the extrapolation of the flow curve to zero shear rate. The accuracy in
determining yield stress, therefore, mainly relies on the choice of the rheological
models used to describe shear stress/ shear rate flow curves, rheometer geometries

[111,112] and material behaviour [113].

Yield stress can be defined as the limit stress below which the material stops flowing
and it depends on the applied stress or shear rate. It is therefore the property that
controls the casting process [114]. Indeed, a theoretical correlation has been
established between yield stress and the shape of the concrete at stoppage

measured by slump tests [115-117] or minicone spread tests [93,118,119].

2.4.2 Micromechanical behaviour of suspensions

The rheological behaviour of concrete is profoundly affected by the properties of the
paste, and it is at this level that chemical admixtures act. This is influenced by
various forces acting in the system, the most important of which can be summarized

as follows:

e Hydrodynamic forces arise from the relative motion of particles to the

surrounding fluid, but dominate for particles larger than 10 um [120];
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e (olloidal forces exist between suspended particles and can be attractive or
repulsive. Van-der-Waals, electrostatic and steric forces belong to this
category;

e Brownian motion arises from thermal randomizing forces causing constant
translational and rotational movements. However, this is of only secondary
importance for the micrometre- size particles found in cementitious systems;

e [nertial forces become important as shear rates increase. They can play a role
in shear thickening of cementitious systems, even at relatively lower shear
rates when the solids volume fraction is high;

e (Gravitational forces cause segregation of the suspensions unless the particle
size and density are balanced by adequate opposing forces (e.g. colloidal,

browning or viscous).

2.4.3 Effect of superplasticizers on cement rheology

2.4.3.1 Yield stress

The yield stress originates from the attractive interparticle forces at stake between

particles in flocculated systems above the percolation threshold (¢ ). Electrostatic

perc
forces are also present, but at high ionic strengths they are not sufficiently strong to
prevent the particles from agglomerating [121-123]. Hence, a flow is observed

when the applied stress is sufficient to break down particle networks.

In a broader context, Zhou et al. [124,125] found that the yield stress increases when
increasing the volume fraction and decreasing the particle size for spherical
monodispersed alumina powders. They calculated that, without dispersant, the
minimum distance between adjacent particles is about 2 nm, independent of the
particle size. Compared to conventional vibrated concrete, self-consolidating
concrete, which is proportioned with a relatively higher volume of powders to lower

friction between aggregates, has a relatively lower yield stress.

Establishing a quantitative relationship for all these parametric dependences is one

of the challenges in proposing a model for yield stress. The yield stress model
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[126,127] deals with such challenges. It correctly accounts for interparticle forces,
the volume fraction of solids, particle sizes and their distribution, and can also be
extended to polydispersed powder mixes. It discriminates three main contributions
affecting the yield stress (Equation (2.10)). The first accounts for the powder
characteristics as the particle size distribution (pre-factor m, particle average
diameter d, and radius of curvature a* among particles at contact points) and the
Hamaker constant Ag. The second contribution is h the interparticle distance, on
which superplasticizers play a major role. The third contribution accounts for the
impact of volume fraction ¢, which is affected by, ¢,,,, the maximum packing fraction

and the percolation threshold ¢, :

_Aga” 9 (¢ = Pperc) 2.10
=R g (G — B -

The strength of the flocculated network increases with the number of particle
contacts, and therefore decreases with particle size. This contribution to yield stress
can only be changed by modifying the concentration of the solids. The adsorption of
superplasticizers on cement surfaces increases the average separation distance h,
consequently reducing the maximum attractive interparticle forces, the yield stress

and the degree of flocculation.

Yield stress decreases with increasing superplasticizer dosage. Once the surface
coverage is completed, the interparticle distance can be estimated based on twice
the coiled size of the side chains of PCEs [122]. This approximation is valid as long as
the van der Waals forces are not large enough to cause substantial compression of
the adsorbed polymers and the side chains start overlapping [92,128]. For a
common side chain, molar mass of 1000 g/mol, this interparticle distance is in the
range of 5 nm. This average separation distance varies with the conformation and
surface coverage achieved by adsorbed admixtures. Both of these relate to the
molecular structure of admixtures in different ways. The relationship between yield
stress, the polymer structure, and dosage has been confirmed by consolidation
experiments [128,129]. Generally, at full coverage, side chains play a key role in

terms of dispersions, whereas the grafting ratio is fundamental for the initial
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adsorption on particles. At low surface coverage, the situation is more complex and
also of greater practical relevance: additional attractive forces become important in
those areas where the polymer is not adsorbed and the scaling law, valid at full
coverage, cannot be extended at surface coverages lower than 0.6 [123]. A reliable
prediction of the performance at low surface coverage, therefore, remains an
important and challenging subject that is addressed in this PhD. As a practical
consideration, this means that at a very low w/c ratio, PCE polymers with long side
chains and high carboxylic to ester (C/E) ratio can counteract more efficiently the
attractive forces than polymers with low C/E ratio and short side chains [69]. The
effect of superplasticizers on the rheological properties of cementitious materials is
strongly linked to the amount of polymer adsorbed onto the surface of cement

particles [11,130] (Figure 2.10).
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Figure 2.10: Correlation between adsorbed polymer and flow of cement pastes prepared
with different PCE polymers having a polymethacrylic-based backbone. Polymer notation
indicates the C/E ratio as the first number, the side chain length expressed by the number of PEO
monomeric units as the second number, and the molecular weight (Mw) in brackets. The

characteristic data of the polymers were obtained combining the data reported in Schéber and
Flatt [11] and Houst et al. [77].

It is worth keeping in mind, however, that this simple relationship can be altered by
the incompatibility of superplasticizers with cements, observed in the case of sulfate

competition [76] and formation of organo-aluminate phases [6].
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When the polymer dosage decreases below the saturation dosage, the surface is only
partially covered by the polymer and particles tend to stick together in those areas
where the polymer is not adsorbed. On the contrary, the plateau at a high dosage
corresponds to a complete surface coverage, where particles are well dispersed and

the yield stress reaches a minimum value [128].

Saturation and critical dosages can be derived by adsorption isotherms as well as by
using flow spread measurements [12], which are related to yield stress. Regarding
the saturation dosage, earlier works have proposed to also obtain those by Marsh
cone test. However, for low yield stress fluids, this test provides information mainly
on the plastic viscosity [131]. Therefore, the Marsh cone cannot reliably be used to
detect differences between well-dispersed pastes, although it detects differences

between poorly fluid ones.

The identification of critical dosage is not as trivial as for the saturation dosage
because it is extremely dependent on the experimental conditions. In a spread flow
test, flow initiation occurs if the yield stress of the paste is lower than the
gravitational load on the sample, which depends on the sample height [118,132].
Hence, for each and every different mold height, a different critical yield stress
should be obtained. Moreover, for specific cementitious systems, this mold-specific
limiting yield stress will be reached by the right combination between volume
fraction and interparticle forces. The result should therefore also strongly depend
on w/c. Provided such limitations are recognized and understood, the critical dosage

may nevertheless be some useful comparison criterion between superplasticizers.

2.4.3.2 Viscosity

Concretes with (very) low w/c ratios can have very low yield stresses if enough
superplasticizers are added, but they are nevertheless defined as sticky. This is most
probably related either to plastic viscosity or to shear thickening. In both cases, the
excess of energy needed to increase the shear rate above the yield stress increases

with the packing fraction of solids, as when w/c is decreased.
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A shear thinning behaviour in superplasticized systems is generally reported in the
literature [70,133-135] and results from the yield stress. Above the yield stress, a
linear dependence of shear stress on shear rate is often observed, which is why the
Bingham model is often used. The slope of this linear regime is referred to the
plastic viscosity. However, the range over which the linear regime can be assumed is

still under debate.

An answer to this question can be found in the work of Hot et al. [136] who
introduced the concept of residual viscosity. This isolates the hydrodynamic

contribution from the yield stress by defining the residual viscosity as follows:

tres = (Happ — To/7) (2.11)

where papp is the apparent viscosity. Using this procedure and testing different
polymers at different dosages, these authors found that at low shear rate viscous
dissipation decreases with increasing polymer adsorption. This implies that plastic
viscosity is also affected by superplasticizers, as for the yield stress [137]. In first
order, this effect on plastic viscosity is attributed to a flow resistance of the
interstitial fluid between cement particles and is therefore impacted by the
separation distance imposed by the steric layer of the adsorbed polymers. A second
order effect at equivalent dispersion degree is however also observed, and its extent

relates to the conformation of either adsorbed or non-adsorbed polymer [136,137].

Beyond a critical shear rate, the residual viscosity increases, revealing the onset of a
shear thickening regime often observed in the presence of superplasticizers [138].
This is mostly detrimental, since more energy is needed to increase the material
flow rate, impacting mainly mixing, pumping and extrusion processes [117]. The
origin of this phenomenon is still debated, but two main theories are considered

here.

The first theory states that the hydrodynamic viscous forces promoting the
formation of hydro-clusters overcome Brownian motions, tending to distribute

particles evenly in the fluid. This relation is expressed by the Peclet number defined
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as Pe;, = uod3y/kgT, where pyp is the viscosity of the suspending liquid, d the

particle radius, ks the Boltzmann constant and T the absolute temperature.

It is worth noting here that Brownian motions are negligible when compared to
attractive forces of particles in the size range of 10-50 um in flocculated systems
[138]. In turn, this contribution becomes important when decreasing the particle
size, and might compete with reduced colloidal forces [139]. To examine this
transition in cement pastes, Roussel et al. [138] calculated that the critical shear rate
at which shear thickening occurs should be in the order of 10-3 s-1, far below realistic
conditions. This theory seems to contradict results showing a decrease in the critical
shear rate and an increase of shear-thickening intensity when the dosage of the

polymer is increased [136,140].

The alternative theory proposes the dominance of particle inertia over the viscous
contributions [138,140]. The critical shear rate decreases with increasing particle

size, as implied by the Reynold number Re = p,d*y/u,, where p, is the density of
the suspending fluid, x, the viscosity of the suspending liquid and d the particle

radius.

Comparing results from the literature [141-143], the shear rate at which shear
thickening occurs is observed to decrease with the increase of volume fraction ¢,
where the gap between particles becomes smaller. Also, if one considers the residual
viscosity discussed above, at a given volume fraction the intensity of the shear
thickening is independent on the dosage of polymers, and seems to be promoted
only by either collisions or sustained frictional contacts between particles under

vigorous agitation [136].

This observation would tend to exclude a possible reduction in surface coverage at
high shear rates, earlier proposed by Cyr et al. [144]. Such a surface coverage
reduction might occur if polymers cannot disentangle fast enough, so part of the
polymer is pulled out of the surface, leading to higher interparticle forces. However,

with increasing polymer dosage these sites would be very rapidly reoccupied.



State of the art 35

From this point of view, shear thickening should not directly depend on the nature
of the superplasticizers, but appears more in highly dispersed systems because of

lower volume fractions that can be accessed.

Additionally, it should be mentioned that shear thickening may take place
progressively as the shear rate is increased (continuous shear thickening) or
discontinuously (discontinuous shear thickening) [145]. Recently, the transition
between both modes has been related to a change in the lubrication regimes at

particle contacts [146].

2.4.3.3 Thixotropy

Thixotropy is a phenomenon by which the structure of a fluid is broken down under
shear and rebuilt at rest [106,107,117]. Thixotropy is therefore a reversible process,

and a schematic representation of this can be seen in Figure 2.11.
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Figure 2.11: Breakdown and build-up of a 3D thixotropic structure. Reproduced from Barnes
[106].

In cementitious materials, thixotropy can be present in addition to irreversible
structural breakdown. Thus, these materials can exhibit a combination of both
reversible and irreversible structural breakdown, only the first of which is

associated with thixotropy.

It is worth emphasizing that thixotropy is time-dependent. Immediately after
mixing, cement particles are dispersed. At rest, cement particles flocculate due to the

colloidal attractive forces and form a percolated network of interacting particles,
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causing an increase of the apparent (or static) yield stress. When flowing, the steady
state shear stress increases proportionally to the applied shear rate [114,117,147].
At a given shear rate, the viscosity evolves towards a steady-state value and takes a
certain time to do so. A non- thixotropic shear-thinning fluid, in contrast, would
(almost) immediately reach its steady-state viscosity in response to a change in

shear rate.

2.4.3.4 Fluidity loss

Cementitious materials are rather complex, and lend themselves to easy mislabelling
of their properties. Indeed, they combine both thixotropy and irreversible structural
breakdown. The latter term was introduced by Tattersall and Banfill [104] to
emphasize the fact that cementitious materials exhibit shear-dependent behaviour.
In particular, when exposed to high shear, as in a concrete mixer, they do not fully
recover their previous yield stress. However, the ‘residual’ yield stress is associated
with a microstructure that can be broken down under shear and recovered at rest

(or at lower shear rates), which corresponds to true thixotropy.

While thixotropy dominates over short timescales, the irreversible breakdown
becomes significant at later times. Kovler et al. [148] defined that, after mixing, the
effect of thixotropy dominates rheological changes during about 30 minutes. After
that, the role of irreversible chemical reactions cannot be neglected. However, the
respective extent of these two phases might be altered by several factors, such as

W/C ratio, cement composition and, more importantly, the addition of PCEs.

In the case of non-admixed cementitious systems, Roussel et al. [107] showed that
cementitious systems not only have a critical deformation at strains on the order of
10-3, but also one at about 10-1. The first and smallest is attributed to the flocculation
between nanoscopic hydrates, suggesting specifically the nucleation of C-S-H
bridging particles. The second strain is attributed to the cohesion at the
interparticles level, whose magnitude depends on the separation distance among
particles. At this stage, the number and the size of C-S-H increase with the formation
of stronger and more rigid bonds at the contact points between particles, requiring

higher shear to break them. Therefore, hydration is believed to be at the origin of
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the fluidity loss when the mixing energy becomes insufficient to break these
interparticle connections [107,149,150]. From a macroscopic prospective, the
setting process is viewed as the transformation of a cement paste from a viscous
suspension to a rigid load-bearing one [149,151]. This corresponds to the start of an
exponential increase of the yield stress and is often identified as the end of the

induction period in isothermal calorimetry measurements [152-156].

Superplasticized fresh concretes are also well known to lose their workability over
time at rates that can be problematic for some applications. The extent to which this
happens depends, among several factors, on the type and dosage of the admixture
and the mixing procedure. It was demonstrated that non-adsorbed polymer fraction
in solution can impact the fluidity over time [8]. This might be explained by
assuming either that the reserve of polymer in solution can interact with newly
created surfaces or preferential interaction of polymers with aluminates hydrating
faster than silicates in the first hours of hydration. Whatever the nature of these
surfaces, high surface coverages - and therefore high fluidity - are maintained

longer (Figure 2.12).

In terms of molecular structure, in practice, polymers having a lower amount of
charges on the backbone (lower initial adsorption) and short side chains should be
preferred if extended workability time is desired [12,13]. This would more likely be
the case in ready-mix applications. In precast applications, where workability
retention requirements are of minor interest, more ionic polymers are generally

preferred.

The addition time of chemical admixtures is a very important factor in rheology of
cementitious systems. If they are added at the beginning with the mixing water, the
hydrating aluminate phase can sequestrate them from the solution either by forming
organo-mineral phases [5,6,157] or by adsorption on ettringite, of which the specific
surface can be increased in presence of admixtures [9,16]. Consequently, a part of
the polymer is not available for dispersing the cement and the fluidity is reduced,
although the polymer seems to be adsorbed more extensively. In this case, PCEs

depletion takes longer, causing a longer workability [158,159]. However, this may
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also impact the initial fluidity that in many cases would be increased. Higher levels
of dispersion may be reached and possible segregation may occur. As a result, in
most cases, the superplasticizer dosage should be reduced. This, in turn, would

reduce the workability time, so that the final benefits are not obvious.
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Figure 2.12: Schematic presentation differentiating the polymer that is usually identified as
adsorbed (consumed) and the polymer that is actually effective in the dispersion
mechanisms. Reproduced from Flatt et al. [8].

The mixing process affects the initial fluidity of concrete as well as its evolution in
time [13,160]. Vickers et al. [13] found out that the consumption of the polymer is
much higher in concretes than in cement pastes mixed at 700 rpm at the same
conditions of w/c ratio, mixing time, and polymer dosage. This is attributed to the
fact that the high energy applied on the cement paste in concrete might lead to the
formation of precipitates with higher surface area and therefore a higher polymer
adsorption capacity [119,160]. The origin of these additional surfaces may result
from a more efficient solution exchange on particle surfaces through higher shear,
leading to more extensive formation of etch pits and globally faster hydration
kinetics [38,160,161]. The important macroscopic observation remains, however,
that a faster fluidity loss is generally observed when high shear rates are applied
during initial mixing. Ultimately, these effects most likely result from different rates
of specific surface generation through hydration reactions and their modification by

shear and/or chemical admixtures [160].
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Such basic principles involving surface area formation, surface coverage as well as
hydration evolution lay the foundations for the understanding of the fluidity loss in
presence of PCEs. However, detailed studies about the direct impact of PCEs with
different molecular structures and dosages on the evolution of the rheological
properties of fresh cementitious systems have been barely reported in literature. In
this PhD, we have examined such questions and establish general trends common to

a wide range of PCEs.

2.5 Cement hydration with PCEs

As a general observation, superplasticizers delay cement hydration. The retardation
does not depend only on their dosage, chemical nature, molecular architecture, and
the time of admixture addition, but also on the characteristics of the cement, such as
its mineralogical composition, fineness, and sulfate availability. As shown in the
calorimetric curves in Figure 2.13, retardation induces a prolonged induction period
coupled with a delay of both the onset of the acceleration period and the main
silicate peak. In addition, the slope of the acceleration period, the maximum heat
release and/or the sulfate depletion point may be affected by the addition of

superplasticizers.
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Figure 2.13: Example of isothermal calorimetry showing the effect of a PCE and
polynaphtalene sulfonate (PNS) superplasticizer on a mortar with OPC [162].
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2.5.1 Effect of PCEs on the formation of ettringite

The nucleation and growth of aluminate hydrates are mostly affected by the
presence of superplasticizers [6]. The influence of superplasticizers on the crystal
growth and morphology of the hydrates - mainly ettringite - presents a key factor
for the macroscopic properties of cement pastes including workability, setting

behaviour and development of the microstructure [9,102,163,164].

In sulfonated melamine-formaldehyde (MFS) and polycondensate naphthalene
(PNS)-based mixes, thicker and shorter ettringite clusters were found than in plain
mixes [165-167]. A detailed ESEM images analysis concluded that both the length
(L) and the diameter (D) of the ettringite decrease proportionally one to the other -
down to 1.5 pum in diameter - while the amount of added anionic charges is
increased [103]. PNS-based polymers inhibit the ettringite growth as long as the
polymer sufficiently covers its surface. Later, when the polymer is consumed, the

AFt growth — in the form of long needles — is recovered [167].

More interestingly in the context of this thesis, PCEs strongly promote the
nucleation of the ettringite, whereas they slow down its growth rate [9,103,168]. It
has been recently demonstrated on model cementitious systems that the amount
and the specific surface area of the forming ettringite are affected by the dosage, the
type as well as the polymer addition mode [9,16,103]. Specifically, highly-charged
PCEs promote the formation of small particles of ettringite with higher surface area
within the first 30 minutes from the beginning of the hydration [9]. It was evidenced
by cryo-microscopy that these particles have a size smaller than 500 nm [169]. Such
changes of the specific surface of early-aged cementitious systems might be
responsible for a different demand in admixture to achieve a given surface coverage
and therefore a given rheological behaviour. However, the importance given to the
polymer adsorption on the surface of newly formed hydrates and the resulting effect
on hydrates formation is still poorly documented and often studied with
questionable methodologies to measure reliably the specific surface area of early-
aged cementitious pastes. This is another topic that the present PhD thesis has

systematically strived to improve.
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In absence of PCEs, AFt particles precipitate on the grains of the anhydrous clinker
leading to the formation of agglomerates that are inferred to be responsible for the
fast setting of plain cement pastes. After the addition of PCEs, however, a significant
fraction of these nanoparticles remains in the interstitial fluid delaying the
formation of agglomerates [169]. This aspect has not only practical implications in
the macroscopic rheological properties, but also on the preparation, measurements

and data interpretation of superplasticized cementitious pore solutions.

2.5.2 Mechanisms of retardation by PCEs

As shown in Figure 2.13, complex interactions between chemical admixtures and
cement take place during cement hydration. Several mechanisms, summarized as
follows, have been proposed to explain how PCEs can modify the rates of the

dissolution, nucleation and/or growth of various phases inducing retardation:

e (a?* ions complexation. This might occur either by ion-dipole interaction with
the ether oxygen atoms [170-172] or chelation by the carboxylic groups
along the backbone [173,174]. In practice, however, the amount of PCEs is
commonly too low to justify a significant immobilization of calcium. In
support of this, sugars, having a lower complexation capability than PCEs,
evidence a much longer retardation [175];

e Inhibition of dissolution. Either the adsorption of PCEs on anhydrous phases
[176] or the slowdown of the etch pits opening [61,177,178], lead to the
inhibition of the C3S dissolution. Similar conclusions were drawn with other
organic compounds bearing carboxylic groups [179];

e [nhibition of nucleation/growth of hydrates. PCEs limit the ordered
agglomeration of silicates due to the preferential bridging between Ca?* ions
and polymers, penalizing C-S-H nucleation [174]. Also, the inhibition of the
precipitation observed for portlandite and calcite has been explained by the
poisoning of the growing nuclei on which superplasticizers and sugars
adsorb [175,180-182]. Specifically, PCEs can modify the growth, size, and
morphology of the calcite crystals [181,183].
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Disturbance of silicate-aluminate-sulfate balance. This mechanism is the most
unpredictable one due to its intrinsic complexity. Besides the delay of the C3S
hydration, PCEs can also alter the interaction between aluminates and
sulfates through various mechanisms. Among them, many authors proposed
that the promoted ettringite formation and/or precipitation of
monosulfoaluminates, that can respectively adsorb or intercalate polymers
will modify the aluminate-silicate-sulfate balance [6,96,102,184]. This
typically modifies the shape of the main hydration peak, mainly because of a
shift in the occurrence of the sulfate depletion peak [185]. If aluminates
freely react too early, C3S hydration can be strongly inhibited (see section
2.1.3). One theory states that this can occur because of PCEs hinder the
dissolution of calcium sulfate [186]. In contrast, other studies propose that a
faster depletion of sulfates, which would also allow C3A hydration to revive
and negatively impact that of C3S. This would be caused by a favoured
nucleation of ettringite having higher specific surface area [176]. An
advanced phase quantification based on XRD and Rietveld refinement with
an external standard coupled to isothermal calorimetry has recently
confirmed the greater ettringite precipitation in model clinker in presence of

PCEs leading to a faster sulfates depletion [15,178].

2.5.3 Effect of the molecular structure on hydration retardation

Most studies about the impact of polymers on cement hydration compare

retardation at equivalent polymer dosages expressed as polymer mass with respect

to the cement mass. This is somewhat misleading because the main effect is

expected to come from the number of charges introduced [15,178].

One implication of this study is that polymers with the same C/E and P values but

different molar masses would be expected to have a similar impact on retardation.

Marchon et al. also show that, in delayed addition, two polymers with the same C/E

but different P values induced the same retardation if the dosage is adjusted to

introduce the same number of charges. If the comparison is done on a mass basis,
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then, the polymer with the longer side chains will introduce fewer charges and cause

a lower retardation.

While the importance of charges and C/E on retardation is clear, Marchon et al.
could for the first time quantitatively account for retardation in relation to
molecular structure. In particular, their results resolve the ambiguities related to
comparing retardation of polymers dosed equally on a mass basis. Having said this,

it is worth to recall most observations reported in the literature.

A regularly quoted study by Winnefeld et al. [69,187] showed that polymers with
higher charge density lead to a better adsorption, that, in turn, leads to on a better
dispersion of cement pastes. Also, at constant dosage (0.3% by weight of cement),
the same structural variation (increase of the C/E ratio) causes a longer induction
period (Figure 2.14). It is therefore tempting to relate this impact on hydration to

the modification of adsorption.

The initial PCEs adsorption increases by increasing C3A content [185,187] and by
decreasing alkali amount [76]. Polymethacrylate-based PCEs (PMA-PCEs) are more
sensitive to these two parameters than polyacrylate-based PCEs (PAA-PCEs) [188].
This difference probably originates from the hydrolysis of side chains from PAA-
PCEs at high pH.
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Figure 2.14: Impact of polymethacrylate molecular structure on adsorption (left) and
isothermal calorimetry (right). Reproduced from Winnefeld et al. [187].

Beside the effect of the polymer dosage and structure on the hydration, a more

detailed insight has been recently provided accounting also for the polymer addition
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mode [15]. For this purpose, a model cement (80% C3S, 18% C3A and 5%
CaS04.1/2H20) was used to assess the effect of PCEs on the simultaneous hydration
of different phases.

When the polymer is added few minutes after the mixing water (delayed addition

CPCE
)
MRy

mode), the retardation is proportional to the number of repeat units where cpce

is the PCE dosage by mass and Mgy is the molar mass of a repeat unit. In turn, the
number of repeat units is linked to the number of charges introduced and the dosage
(Figure 2.15a). The slopes ysp varies with the C/E ratio, more specifically as

(c/E)1/?

C/Er T Therefore, the master curve in Figure 2.15b can be derived by accounting
for this, showing that the retardation is proportional to the polymer structure

C/E
C/E+1

. 3/2 . . :
function ( ) and to the number of repeat units. This model was validated on

both model cement and OPC.

10 4 A 1PMA1000
9 1 @ 3PMA1000
8 O 3PMA3000
7 © 6PMA1000 %
< S 6 O 6PMA3000
g g 5]
4
3 1 A R
2 4
14
0 2 4 6 8 10 12 14 16
C/E c C/E
carboxylate dosage, ¢ — (AU SpcE (_YE y3p (AU
y ge, PCEMRU( ) Ve, (GEsT AV

Figure 2.15: Effect of PCEs on the hydration of model cement when the polymer is added in
delayed mode. (left) linear relation between the retardation of the main silicate peak with the
number of repeat units introduced; (right) linear proportionality between retardation and
polymer structure. Reproduced from Marchon (2016) [15,16].

On the other hand, when the polymer is added with the mixing water (direct
addition mode), three main retardation zones are identified according to two critical
polymer concentrations: at c¢* the onset of the retardation takes place and at c**,
which represents the end of the transition of the balanced to the unbalanced system,

most of the sulfates have been already consumed and AFm phases preferentially

form (Figure 2.16).
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Figure 2.16: Retardation in case of direct addition of PCEs. From Marchon (2016) [15]

At c < ¢* (zone I), the hydration retardation is barely noticeable because polymers
are preferentially immobilized on the ettringite [9]. In contrast, in delayed addition,
neither the nucleation or growth of ettringite are modified because this hydrate

precipitates before the addition of the polymer and this zone is not observed.

A rapid increase of the retardation is noticed by increasing the polymer dosage at
concentration between c* and c** (zone III), showing the same dependency to
polymer structure as in delayed addition. The increase of surface area of the
hydrating model cement depends on both polymer dosage and structure due to a
favoured nucleation of ettringite [9,101-103]. However, the formed ettringite
surface is not sufficient to adsorb all the polymer, so that PCEs start adsorbing on
silicates inducing a longer retardation. This might be explained referring to the
inhibition of the silicates dissolution in presence of PCEs, as observed with other
organic compounds bearing carboxylate groups [179]. Indeed, they preferentially
block highly reactive surfaces, characterized by defects in form of kinks and etch

pits, limiting the step retreat process.

At higher concentrations (c > ¢** in zone [V), an unbalanced or undersulfated system
is caused by the promoted formation of ettringite, that leads to a massive
consumption of sulfates and aluminium. This, in turn, accelerates the dissolution of
aluminates and the concentration of aluminium ions in solution increases again [63],
leading to the formation of AFm phases. Consequently, PCEs strongly

adsorb/intercalate on the newly formed hydrates [5,6,157] and the retardation
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could be caused only by the detrimental impact of free aluminium ions on silicates
[61,63,64]. The fact that an undersulfated model cement without PCE give roughly

the same retardation plateau as above c¢** in Figure 2.16 very strongly supports this.



Chapter 3

Reliable specific surface area
measurements of cementitious
systems

This chapter consists of two journal papers, a conference paper and part of book
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Research 86 (2016): 20-28 [20];

e Palacios, Marta, H. Kazemi-Kamyab, Sara Mantellato, and Paul Bowen. 2016.
“Laser Diffraction and Gas Adsorption Techniques.” In A Practical Guide to
Microstructural Analysis of Cementitious Materials. Taylor & Francis [189]

e Sara Mantellato, Marta Palacios, Robert ]. Flatt, Reliable specific surface area
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(2015) 286-291 [19];

e Sara Mantellato, Marta Palacios, Robert J. Flatt, Reliable Specific Surface Area
Measurements of Fresh Cement Pastes, In Monographie Bd. 45, (2012):29-
34. Diibendorf (Switzerland) [18].
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3.1 Introduction

3.1.1 General considerations

The specific surface area (SSA) of cement is broadly recognized to impact its
reactivity as well as physical and mechanical properties of fresh and hardened
concrete, such as rheology [101], hydration kinetics [190,191] and strength
development [192]. Because of this, SSA is commonly included as quality control
measurement in cement production, in addition to the particle size distribution
[126,127] and the phase composition [82]. The specific surface area (SSA) of the
anhydrous cement has a direct influence on the initial fluidity of superplasticized
cementitious materials. Furthermore, the evolution of the SSA in the first hours of
hydration is believed to have direct implications in their flow loss [9,10,14].
Additionally, superplasticizers are reported to impact the specific surface of
ettringite [9]. This can change the availability of these molecules to modify the
kinetics of cement hydration [193] and similar effects may be expected for other
chemical admixtures, which cover a wide range of chemical structures [2]. There is,
therefore, a clear interest and need for reliable measurements of the specific surface
of cementitious materials, also at early age. This is in fact of central importance for
the underlying hypothesis guiding this PhD thesis. However, the quantification of
specific surface changes is non-trivial because SSA measurements on fresh [101]
and hydrated cement paste [194-196] are delicate due to the possible dehydration
of hydrated phases. The fact that such problems are also highly relevant for

anhydrous cement is barely documented.

There are three major methods to measure the specific surface area of anhydrous
cement: Blaine air permeability, laser diffraction (calculating SSA from the particle
size distribution) and gas adsorption. The cement industry largely relies on Blaine
measurements, often arguing that results are more consistent than nitrogen
adsorption measurements, which additionally are more time consuming. In contrast,

academics tend to prefer nitrogen adsorption measurements because of their more
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fundamental basis and mostly look down on Blaine measurements because of their

semi-empirical nature.

The Blaine test [197] is based on measuring the resistance encountered by air
passing through a well-packed but still porous powder bed under a given air
pressure gradient. In its most common use, both the pressure gradient and the flow
rate of air vary during the test. This greatly simplifies the measurement, but
prevents the use of basic equations (Kozeny-Carman equation) for the steady-state
flow of air through a bed of packed particles [198-200]. The main contribution of
R.L. Blaine was to propose semi-empirical equations to overcome this problem
[197], involving a calibration procedure now defined in ASTM C204-11 [201].
Nevertheless, this semi-empirical procedure can compromise the reliability of

results and their comparison between laboratories.

Laser diffraction (LD) is the most common technique to determine the particle size
distribution of powders, from which the SSA can be calculated assuming a specific
shape (most often spherical). Because of the irregular shape of cement particles
[202-204], their real size will be smaller than the one determined by LD and
consequently, the SSA will be underestimated [205]. In addition, it is necessary to
know the refractive index of the measured powder in the dispersive media. In the
case of Portland cement, this value has been measured but it needs to be determined

for cements containing supplementary cementitious materials [206].

The nitrogen adsorption method is based on quantifying the volume of nitrogen
molecules needed to cover the sample surface. The SSA is calculated using the BET
(Brunauer-Emmett-Teller) model [207]. In contrast with the two methods
described above, nitrogen adsorption can be used to measure hydrated cement
paste. Also, in terms of working principle, it does not postulate the particle shape or
include semi-empirical equations, which is why it is considered more reliable. In
contrast to Blaine and LD tests, samples measured by nitrogen adsorption must be
degassed before the measurement. This is required to remove physisorbed
molecules so that the adsorptive gas may interact directly with the sample along its

small cavities. Degassing is normally performed by heating the samples, by purging
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them with an inert gas (N:z) or by applying vacuum. While extremely important,
degassing conditions are not always reported in the literature, in particular for

anhydrous cements.

3.1.2 SSA measurements on anhydrous cements

Although relatively high degassing temperatures do not affect the clinker phases of
anhydrous cement, it is known that gypsum (CaSO4-2H20) is thermodynamically
stable at temperatures lower than 42 °C and at relative humidity higher than 50%
[208,209]. At higher temperature or lower relative humidity, it partially or totally
dehydrates [210] to hemihydrate or anhydrite, which has a direct effect on its SSA
[211,212]. Therefore, the degassing conditions should be carefully chosen to prevent
gypsum dehydration from compromising SSA measurements of cement. Previous
studies [101,194,213] have confirmed that the sample preparation, involving
stopping of hydration and degassing, can introduce artefacts due to possible
structural modifications of hydrated phases with consequent biased and misleading
final SSAger values. Such studies are mainly focused on hardened pastes. However,
studies conducted on early age cementitious pastes (up to 5 h) are still limited [9].
Indeed, achieving reliable SSA of fresh cement pastes is viewed as a challenge due to
the presence of highly sensitive components, mainly ettringite (CasAl2(S04)3(0OH)12 -
26H20) [101]. Hence, a significant variability of surface area values in fresh cement
pastes might arise from a morphological and/or chemical alteration of these

components occurring throughout the sample preparation.

3.1.3 SSA measurements on hydrated cements

When dealing with hydrating cement, the removal of capillary water is a critical step
to arrest cement hydration. It should be fast and efficient, as well as inert to cement
phases. Zhang and Scherer compared the effect of different drying methods on
cement pastes [213]. They concluded that oven drying at temperatures typically
between 60 and 105 °C and vacuum drying damage the micro-structure of hydrates

such as C-S-H and ettringite, whereas D-drying does not stop the hydration in a
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short time. Solvent exchange, involving the use of isopropanol, is widely accepted to
be the most effective method, although the structure of ettringite in hardened pastes
could be partially damaged after a prolonged contact with the solvent [214].
However, these severe conditions used on hardened cement pastes - long exposure
to high amount of solvent - are not mandatory on the fresh cement pastes studied in
this thesis and for which the cementitious matrix shows a low cohesion and the

diffusion of the solvent is fast [213].

The degassing becomes even more crucial when it is necessary to remove adsorbed
organic solvents, previously used to stop cement hydration. Indeed, this requires
more radical conditions, but it is widely known that the structure and/or
morphology of ettringite is altered by temperatures higher than 60 °C [101,215,216]

or under high vacuum conditions [216-220].

From the above, we conclude that both stopping hydration and degassing treatment
can cause structural changes on anhydrous cement and ettringite, the main hydrated
phase in early aged cementitious systems. However, the connection between these
structural modifications and the SSAger is still unclear. The main objective of this
chapter is therefore to determine an adequate protocol to measure the SSA of
anhydrous cement and hydrated cement pastes, in particular ettringite. Based on the
presented outcomes, it was possible to figure out the limiting conditions under

which reliable SSAggT values of cementitious materials can be obtained.

3.2 Materials and methods
3.2.1 Materials

3.2.11 Anhydrous cement, clinker and gypsum

A commercial cement CEM I 52.5 R and a clinker supplied by Holcim (Switzerland)
were used in the present work. The clinker was milled in the Vibratory Disk Mill
(Retsch) for 45 s at 700 rpm and, afterwards, in the planetary mill (Pulverisette 5)

for 4 min at 400 rpm to reach a similar particle size distribution to the commercial
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cement. The ground clinker was homogenized in Turbula for 2 h. The gypsum (Acros
Organics, 98%, extra pure) was sieved under 20 pm in order to reach a similar PSD
as the clinker. A model cement was produced by mixing the clinker and 5% of sieved
gypsum (by mass of clinker) in a Turbula for 16 h. In commercial cements, where
clinker and gypsum are ground together, PSD of gypsum could be smaller than that

of clinker due to its lower hardness.

Mineralogical composition of the used materials (Table 3.1) was determined by
Rietveld analysis of the X-ray diffraction (XRD) patterns and expressed in values
normalized to 100% of crystalline phases (further details about XRD are given in
3.2.2.3). Characteristic particle diameters (volume based) of cement, clinker and
gypsum are reported in Table 3.2 and were measured by laser diffraction

(Mastersizer, Malvern Instruments) after dispersion in isopropanol.

Table 3.1: Mineralogical composition of Portland cement, clinker and gypsum determined by
Rietveld analysis of the XRD patterns.

Cement Clinker Gypsum
% (w/w) % (w/w) % (w/w)
CsS 66.3 72.6 -
C2S 6.7 8.6 -
CsA 59 59 -
C4AF 10.8 12.9 -
Quartz 0.4 - -
Calcite 3.9 - -
Gypsum 4.3 - 93.5
Hemihydrate 1.7 - 5.9
Anhydrite I - - 0.6

Table 3.2: Characteristic particle diameters of the powders determined by laser diffraction.

d1o (um) dso (um) doo (um)
Cement 1.12 8.47 26.80
Clinker 0.66 6.95 29.19
Gypsum 3.19 8.99 22.40

Model cement 0.78 7.82 25.59
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3.2.1.2 Synthetic ettringite

Calcium oxide (Ca0) and aluminum sulfate octadecahydrate Al»(SO4)3 - 18H20 (ACS
reagent, 298%, Sigma-Aldrich Chemie GmbH) were used as starting materials to
synthesize pure ettringite. Calcium oxide was obtained by the calcination of calcium

hydroxide (= 96%, Sigma-Aldrich Chemie GmbH) in an oven at 1000 °C overnight.

The Ca/Al molar ratio of 3.2 and the ultrapure water (p = 18.2 MQ cm, TOC around
1-2 ppb) content of 1500 g were kept constant in all the syntheses. Ca0 was
dissolved in 1400 g of ultrapure water and mixed in a three-neck round-bottom
flask with a EUROSTAR power control visc overhead stirrer IKA equipped with PTFE
half-moon impeller at 400 rpm for 2 h at room temperature. The Al2(S04)3 - 18H20
was dissolved in the remaining 100 g of ultrapure water and added to the CaO
solution, stirring continuously for further 3 h. The synthesis was conducted under
N2 atmosphere to prevent CO2 contamination. Table 3.3 reports the experimental

conditions of the synthesized ettringites varying its concentration in suspension.

Table 3.3: Concentration of ettringite in suspension

AFt concentration in

Sample name suspension % (w/w) Water/AFt pH at 22 °C
AFt_0.39 0.39 258 11.40
AFt_0.67 0.67 150 11.25
AFt_3.89 3.89 25 11.15

The ettringite suspension was filtered by a membrane filter connected to a vacuum
pump (ultimate vacuum = 100 mbar). A polyamide membrane filter with a pore size
of 0.45 pm (Sartolon Polyamid) was used. The solid ettringite, in the form of a thin
cake, was placed in a petri dish and stored in desiccator with CaCl> saturated
solution (32% RH) at 20 °C under N; atmosphere until constant mass. The drying
lasted 1 month on average. Previous studies [221] have confirmed the preservation
of ettringite structure under these conditions, contradicting thermodynamic
expectations probably because of kinetic constraints. The final amount of dry AFt
was insufficient at the first two concentrations, AFt_0.39 and 0.67, for an entire set

of SSA measurements. Therefore, several batches of dry ettringite produced under



54 Chapter 3

the same conditions were prepared and then mixed and homogenized together by
hand in an agate mortar. Only one batch of AFt_3.89 was synthesized, its yield being

sufficient for all the analyses.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) Thermo iCAP
6300 was used to quantify the concentration of the remaining Al in the water
solution after filtration. From these values, the yield of the reaction was then
calculated. The ettringite solutions were diluted 5 times with a 2% (w/w) HNO3
ultrapure water solution. The yield of reaction was calculated assuming the absence
of nano-sized particles of ettringite that might pass through the pores of the filter

and increase the content of aluminium in solution (Table 3.4).

Table 3.4: Yield of reaction calculated for the ettringite syntheses.

Yield of reaction
Sample name

(%)
AFt_0.39 84+1
AFt_0.67 90.1+0.8
AFt_3.89 98.7

3.2.2 Methods

3.2.2.1 Stopping of hydration of fresh cement pastes

In this section, we present an assessment of the protocols for stopping cement
hydration monitored by SSAger. For such protocols, AFt_3.89_DHO0.5 (Table 3.3) was
used. Three different protocols to stop cement hydration were studied: 1. solvent-
exchange method using isopropanol (IPA) at different temperatures; 2. treatment
with diethyl ether after initial solvent exchange with isopropanol; 3. freeze-drying
method. We underline that we examined the effect of these conditions on pre-

formed ettringite to decouple this question from cement hydration kinetics.

In the first set of experiments, ettringite was mixed in a beaker with a constant
amount of isopropanol (IPA, ACS reagent 299.5%, Scharlau) 50 g of solvent per gram
of powder. The solvent was previously stored at different temperatures, =18 °C, 5 °C

and 22 °C. Ettringite was gently mixed with IPA for 1 min, filtered for 4 min with a
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0.45 um polyamide membrane filter and dried under inert atmosphere in desiccator

at 20 °C until constant mass.

The second set of experiments was inspired by previous evidence in literature [222]
that a less polar solvent removes possibly adsorbed isopropanol. For such a reason,
the effect of diethyl ether (DEE, ACS Reagent >99%, Sigma-Aldrich Chemie GmbH, 1
mL per gram of powder, 1 min mixing) on the SSA of the ettringite previously in

contact with IPA (1:50 powder to solvent ratio) at 5 °C was also explored.

The freeze-drying protocol consisted in the immersion of the sample in liquid
nitrogen for 15 min and quickly transferring it to the Alpha 1/6 Christ freeze dryer,
of which the temperature and vacuum were at 23 °C and 0.1 Pa, respectively, for 24
h.

The different steps for the sample preparation before the SSAger measurements are
shown in Figure 3.1. The simulation of the stopping hydration is carried out on
ettringite powders after drying in desiccator. In particular, a second drying in
desiccator is required after the use of IPA to remove the excess of solvent. Degassing
is always conducted before SSAger measurements regardless of previous treatments

on the samples.

Stop of ,
' hydration
AFt . 5 Drying in S Degassing s SSAgetT
synthesis desiccator under N, flow measurements
Step1 Step 2 Step 3 Step 4

Figure 3.1: Summary of the different steps used for the sample preparation before SSAger
measurements.

The impact of the protocol used for stopping cement hydration was also studied on
early-aged hydrating cement paste with and without superplasticizers. Cement
pastes were prepared in PP containers by mixing 200 g of cement Holcim Normo 5R
(Table 3.1) and 60 g of UPW (Ultrapure Water) (w/c ratio = 0.3). The powder was
put in the liquid and the resulting suspension was stirred at 200 rpm for 30 s and

then at 800 rpm for 4 min with a EUROSTAR power control visc overhead stirrer
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equipped with a 4-bladed propeller stirrer, both by IKA. PCEs having different
grafting degree and side chains length, namely 2.5PMA1000, 4.0PMA1000 and
2.5PMA2000 (for further information about the characteristics of these polymers,
see section II.1), were added to the mixing UPW (direct addition). The solvent
exchange was carried out by using about 10 g of cold (5 °C) pure IPA (Sigma-Aldrich,
puriss. p.a., ACS reagent > 99.8%) per g of paste. The drying step was applied on

about 7-8 g of fresh cement paste.

Following the procedure here defined as “single-step filtration” (SF), I[PA/paste
suspensions are mixed together for 1 minute, poured into a stainless-steel pressure
filter holder through a nylon 0.45 pm membrane filter under air pressure. The
powder is, finally, stored in a desiccator with a calcium chloride saturated solution
(32% RH at 20 °C) until constant mass. Dried powders were, then, gently

homogenized in an agate mortar before the different measurements.

3.2.2.2 SSA measurements

The surface area measurements were carried out using a BET multi-point nitrogen
physisorption apparatus (Micromeritics Tristar II 3020). The nitrogen adsorption
was measured from an eleven-points isotherm in a relative pressure P/Py range of
0.05 to 0.30 at 77.3 K. The SSA measurements were repeated three times for each
sample. Anhydrous cement samples were degassed in an external degassing station
(VacPrep 061 from Micromeritics) in the range of temperature between 40 and 150
°C, under vacuum (2.67 Pa) and N: flow (with a flux of about 3 x 10-3 m3/h) for 16 h.
These long degassing times are required to eliminate the physisorbed contaminants
at low temperatures. Longer degassing processes (24 and 48 h) were also
considered. Ettringite samples were degassed in an external degassing station

(VacPrep 061 from Micromeritics) between 30 and 120 °C, under N flow for 16 h.

The temperature of the degassing station was calibrated by measurements in and
out of the sample chamber. For the first case, a sensor Sensirion SHT21 was inserted
into the glass tubes under N: flow and both temperature and relative humidity were
measured over time. In the second case, a mercury thermometer with a precision of

0.05 °C was installed in the degassing station between the glass tube and the heating
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mantle. As shown in Figure 3.2, a linear correlation exists between set temperature
and measured temperature. The difference between the set temperature and the
effective one is confirmed both by the sensor and the thermometer. At all
temperatures, the relative humidity measured in the glass tubes under N: flow

approached zero.
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120

100

y=0.8112x+7.7219
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Measured temperature [°C]
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o
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Figure 3.2: Linear calibration of the degassing station VacPrep 061 between 40 and 150 °C.

The Blaine surface area of the above-mentioned samples was measured according to
ASTM C204-11 standard [201]. The density of each sample was measured by the

pycnometer Micromeritics AccuPyc Il 1340 using helium as inert gas.

3.2.2.3 X-Ray Diffraction (XRD)

The XRD patterns were obtained using a Bruker AXS D8 ADVANCE diffractometer.
The X-Rays are generated by the impact of high-energy electrons with the metal
target of Cobalt anode (A = 1.7902 A). The sample is stationary, placed in horizontal
position, while the source and the detector arms are synchronized to realize the 6-6
condition. A solid-state detector was used. The angles range between 3 and 80 °26
with a step size of 0.02 °20 and a resolution defined as time per step of 5 s. The
qualitative analysis of powders was conducted using the DiFFPlus EVA software and
AutoQuan software was used for Rietveld analyses. All the samples were sieved
under 20 pm and the same sample mass (0.1 g) was used for the XRD

measurements.
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3.2.2.4 Thermal analysis

TGA analyses for the cement anhydrous phases were performed using the
TGA/SDTA 851e (Mettler Toledo). About 40 mg of dry sample was heated in an open
crucible from 25 to 1000 °C using a heating rate of 10 °C/min under pure Nz flow of
50 mL/min. In the case of the ettringite synthetic samples, the TGA analyses were
performed using the Q50 TGA (TA Instrument). About 15 mg of dry sample was
heated in an open platinum crucible from 25 to 1000 °C using a heating rate of 10
°C/min under a N2 flow of 40 mL/min. Specifically, for AFt samples XRD and TGA
were used to characterize the materials after contact with the solvent or freezing
procedure, after the degassing process and after the SSAger measurements. All the
samples were degassed at 40 °C under N; flow for 16 h and the SSAger

measurements were repeated three times for each sample.

3.2.2.5 ESEM

Gypsum and synthetic ettringite samples were studied by Scanning Electron
Microscopy (SEM) by using a FEI Quanta 200 3D microscope (FEI, North America
NanoPort, Hillsboro, OR, USA). Backscattered-electron (BSE) images were taken in

low vacuum mode.

3.3 SSA of anhydrous cement and gypsum
3.3.1 Results on SSA of anhydrous cement and gypsum

3.3.1.1 Influence of the degassing conditions

Figure 3.3 shows the SSAger of the anhydrous cement after degassing either under

vacuum or N2 flow at temperature between 40 and 150 °C.

Higher temperatures cause an increase of the SSA of the anhydrous cement from
about 1.2 m?/g at 40 °C to 1.8 m?/g at 150 °C, corresponding to a SSA increase of
about 35%. Furthermore, at 40 °C Figure 3.3 shows that increasing the degassing

time from 16 h to 48 h induces an increase of 25% of the SSA. The derivative of
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thermogravimetric measurement (DTG) in Figure 3.4 shows that, before degassing
under vacuum, anhydrous cement has three main peaks associated respectively with
the dehydration of gypsum (between 80 and 120 °C), the dehydration of portlandite
(around 450 °C) and the decarbonation of calcite (between 600 and 700 °C).
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Figure 3.3: SSA of anhydrous cement at different degassing conditions. The error bars
correspond to the standard deviation on the measurements.
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The presence of portlandite indicates that the initial cement was partially pre-
hydrated, which is known to occur depending on the relative humidity that cement
has been exposed to [223,224]. As the degassing temperature increases, the
intensity of the gypsum dehydration peak decreases and it is not observed in
gypsum degassed at temperatures higher than 40 °C under vacuum. Samples
degassed over 40 °C show a small weight loss between 75 and 100 °C which could be
due to water adsorbed on bassanite or condensed in the pores created during
gypsum dehydration. This confirms that the gypsum in anhydrous cement
dehydrates during the degassing, whereas portlandite and calcite are unchanged as

expected.
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Figure 3.4: DTG of anhydrous cement degassed at different temperatures under vacuum. The
insert shows the peaks where the major modifications occur.

3.3.1.2 Effect of the dehydration of gypsum on the SSA

For a better understanding of the relationship between the change of the SSA and
the dehydration of gypsum, the same set of measurements was performed on
gypsum as on Portland cement. As shown in Figure 3.5, degassing conditions also
have an important impact on the SSA of pure gypsum. For example, degassing at 100
°C for 16 h under vacuum leads to SSAger about 11 times larger than at 40 °C.
Beyond 100 °C, SSA values reach a plateau, the value of which depends on whether

vacuum or N3 flow is used.

In comparison to the cement samples, the degassing conditions have a more
significant effect on the SSA of gypsum, mainly at high temperatures. Additionally,
SSAger values at 40 °C for gypsum differ by about 17% between degassing under N>
or vacuum. This is significant as the experimental error between samples prepared

under same conditions was generally lower than 3%.

Mass reductions of the gypsum samples measured immediately after degassing are

reported in Table 3.5.
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Figure 3.5: SSA measurements of gypsum at different degassing conditions. Error bars
corresponding to one standard deviation (three measurements) are included but not visible
because of being smaller than the symbols.

Table 3.5: Mass loss of the gypsum sample after the degassing at different temperatures,
under Nz and vacuum.

Mass reduction after degassing (%)
Temperature (°C)

N: flow Vacuum
40 0.7 £ 0.5 1.4+0.2
60 29+0.1 10.8+ 0.6
150 19.7 £ 0.4 20.7+ 0.3

The mass loss of our gypsum (containing small amounts of hemihydrate and
anhydrite) determined by TGA was 20.38%. In our tests, we measured very similar
values (about 20%) at the highest temperatures, indicating that a complete
dehydration takes place whether the samples are degassed under vacuum or N:

flow.

After degassing, samples were studied by XRD and Rietveld analysis (Figure 3.6).
Results show that degassing at 40 °C under N2 flow for 16 h preserves the phase
composition, whereas vacuum causes a slight dehydration (about 2%). At 60 °C,
dehydration to B-hemihydrate is promoted, but more under vacuum than N; flow. At
100 °C and above, the conversion was total and the amount of the anhydrite II

slightly increased. The reason why mass loss measurements suggest full conversion
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to anhydrite, whereas XRD identify 3-hemihydrate is considered in the discussion in

section 3.3.2.
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Figure 3.6: Mass percentage of mineralogical phases in gypsum samples degassed at different
temperatures and environment conditions determined by Rietveld analysis.

After degassing and prior to nitrogen adsorption measurements, vacuum must be
briefly applied to purge the helium and to calculate the free space in the sample cell.
On the basis of the above results, the vacuum applied in this purging stage might
also modify the specific surface of cementitious materials. Therefore, the effect of
evacuation time during purging was also investigated on gypsum samples degassed
under gentle conditions (40 °C under N2 flow for 16 h). Fortunately, it was found
that short evacuation times ranging from 25 to 75 min do not affect the measured

SSA values.

3.3.1.3 SSA of clinker and model cement

SSAger was also determined on ground clinker and on a model cement composed of
the same ground clinker mixed with 5% (w/w) of gypsum. As shown in Figure 3.7,

degassing conditions do not influence the SSAger of clinker, but increase it on the
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model cement by about 60% at 100 °C.
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Figure 3.7 SSA measurements of clinker and model cement at different degassing conditions.
The error bars correspond to the standard deviation on the measurements.

This confirms that the SSA increase observed on the commercial cement is only due
to the gypsum dehydration depending on the degassing conditions used. For both
the clinker and the model cement, degassing at 40 °C shows only a slight SSA change
depending on whether vacuum or N: flow is used. Clinker samples degassed under
N2 show a slightly higher SSA than those degassed under vacuum, while model

cement samples show the opposite behaviour.

3.3.1.4 Comparison between Blaine and N2 adsorption techniques

In this section, the SSA obtained from nitrogen adsorption and Blaine tests is
compared. Figure 3.8a shows that both on the model and the commercial cement the
SSAger varies independently of the Blaine fineness. These changes result strictly
from different degassing conditions and emphasize that nitrogen adsorption is
highly sensitive to them. Because Blaine measurements do not require degassing
they are not influenced by them. This is however not the case for the pure gypsum
samples as shown in Figure 3.8b. However, the increase in Blaine values is much

smaller than those in SSAggrT.
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Figure 3.8: Correlation between SSA values measured by Blaine and BET nitrogen adsorption.
(a) clinker, model cement and commercial cement. Discontinuous lines show the average
Blaine value on the commercial and model cements. (b) same as (a) but with gypsum. The
discontinuous line is a logarithmic fit serving as guide for the eye. In both figures, the error bars
correspond to the standard deviation on the three measurements. When not visible, they are smaller
than the symbols. No physical meaning is proposed to the observed logarithmic relation between
Blaine and BET for gypsum. As explained in the text degassing of gypsum not only leads to
dehydration but also to a complex particle fragmentation.

3.3.2 Discussion on SSA of anhydrous cement and gypsum

The present study shows that degassing conditions previous to SSAger
measurements (temperature, pressure and time) significantly influence results on
anhydrous Portland cement because of the dehydration of the gypsum it contains.
Inadequate degassing conditions lead to misleading results. The extent of this error
will depend not only on the amount of gypsum in the cement, but also on the

degassing conditions.

The reason for the specific surface changes is supported by measurements of mass
loss, XRD and TGA. However, we found that mass losses after degassing at 150 °C
(Table 3.5) suggest a total dehydration to anhydrite, while XRD identifies f3-
hemihydrate (Figure 3.6). This might be due to a transition from gypsum to soluble
anhydrite (CaSO4 III or y-CaSO04), occurring under reduced vapour pressure
[225,226] even at moderate temperatures [227]. Being strongly hygroscopic, this
phase will rapidly rehydrate to 3-hemihydrate during sample preparation before the

XRD measurement. This quick rehydration has been deeply discussed in the
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literature [228-230]. However, as this is only of marginal relevance to the main

scope of this work, we do not examine it in further detail.

In regard to the selection of adequate degassing conditions, our XRD results show
that gypsum dehydration can take place even at 40 °C if vacuum is applied. However,
at that temperature the extent of degassing is strongly time dependent (Figure 3.3).

The dehydration of gypsum is a topotactic solid-state reaction and as observed in

Figure 3.9, it involves significant structural changes at the level of particles.
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Figure 3.9: Scanning electron microscopy images of gypsum (a) untreated, (b) degassed at 150
°C under N: flow, (c) degassed at 150 °C under vacuum.

The SEM image of the untreated gypsum (Figure 3.9a) shows a smooth and regular
surface of the needle-like crystals. On the other hand, gypsum degassed at 150 °C
exhibits large cavities on the particles, which is in agreement with the porous
structure of anhydrite and hemihydrates produced by thermal decomposition
[231,232]. The structures of 3-hemihydrate and anhydrite III are very similar. They
are both hexagonal with structural channels of 0.4 nm diameter filled with water
molecules for the former and empty for the latter [230,233]. In the case of gypsum
degassed under vacuum, the formation of small particles is also observed (Figure
3.9¢). This might result from a lowering of the boiling point of water, which together
with the water released by the dehydration of gypsum would produce an
overpressure in the particles that would strongly damage them [232,234]. This
interpretation is supported by the absence of these small particles in the sample
dried under N: (Figure 3.9b). In the latter case, the particles are characteristic of a
pseudomorphism keeping the initial particle shape but creating porosity within

them.
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Comparing SSAger with Blaine fineness of the four powders studied, the Blaine test
always gives lower values. As explained above, this is due to the fact that in nitrogen
adsorption technique, nitrogen can access to cracks, crevices and pores that Blaine
test is not able to distinguish. This is in agreement with previous studies in the

literature [23,206].

An essential result is shown in Figure 3.8a. The Blaine values remain constant while
SSAger changes substantially both for the commercial and the model cement. This
shows that Blaine values are not affected by changes in the hydration state of the
sulfate carrier, in contrast to SSAger. In practice, this hydration state depends not
only on the humidity to which the cement has been exposed, but also on the grinding
and storage temperature. This - together with a possible variation of the gypsum
content in the small samples used for BET measurements - probably explains why
the cement industry has experienced Blaine measurements to be much more
constant than BET. Much of this variability may disappear with proper degassing
conditions at 40 °C under N: flow for 16 h. Using such conditions, it would be
possible to re-evaluate the relative benefits of BET and Blaine specific surfaces in the

cement industry.

However, we must emphasize that this protocol provides a measurement in which a
part of the surface comes from the hemihydrate initially present in the sample.
Although its amount can be quantified by XRD, its surface is not known. As this
results from thermal decomposition, one might expect that its SSA might be similar
to the SSA increase obtained when gypsum present in the cement is thermally
decomposed. In our specific cement, 0.55 m?/g is created by 4.3% gypsum for
decomposition at 100 °C under N2, a more realistic condition than vacuum used in
this study. This means that the 1.7% hemihydrate also contained in our cement
(~2% gypsum equivalent) might account for about 0.22 m?/g in our measurement,
and that the SSA of our cement without the gypsum is probably in the range of 0.97
rather than 1.17 m?/g. It is beyond the scope of this study to examine this issue in
further detail. However, we would like to point to the fact that this clinker surface
might be the most adequate one to use when considering the kinetics of cement

hydration.
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3.4 SSA of ettringite
3.4.1 Results on SSA of ettringite

3.4.11 Characterization of synthetic ettringite

The mineralogical composition of the used materials (Table 3.6) was determined by
Rietveld analysis of the X-ray diffraction (XRD) patterns and expressed in values

normalized to 100% of crystalline phases.

Table 3.6: Mineralogical composition of ettringites determined by Rietveld refinement of the
XRD patterns. The ICDD-PDF nos. are reported in brackets for each phase. Note for reviewers:
The table has been slightly modified.

Ettringite Gypsum (DH) Calcite
Sample name (41-1451) (36-0432) (5-0586)

% (w/w) % (w/w) % (w/w)
AFt_0.39_DH1.2 98.0 1.2 0.8
AFt_0.39_DH5.5 92.6 5.5 1.9
AFt_0.67_DH3.4 95.2 34 1.4
AFt_3.89_DHO0.5 99.3 0.5 0.2

The ettringite (AFt) notation indicates the solid concentration in suspension as first
number, and the percentage of gypsum (DH) as second number. It is not clear if the
small amounts of gypsum were formed during the synthesis of ettringite or during

its drying.

Table 3.7 reports the structural parameters refined by Rietveld analyses for the
studied synthetic ettringite samples. Ettringite is trigonal with a = 1.1229 nm and c =
2.1478 nm [235] and crystallizes in the space group P31c. The microstrain was not
considered in the refinement and the amount of the non-crystalline phase was not
determined. As shown in Table 3.7, the structural parameters of our synthetic
ettringite samples match those ones reported in the literature, with a slight

expansion of the a-axis.
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Table 3.7: Structure parameters of synthetic ettringite samples refined by Rietveld. Standard
uncertainties are reported in parentheses.

Lattice parameters Crystallite size Rwp

Sample name o
a [nm] ¢ [nm] [nm] [%]
AFt_0.39_DH1.2 1.1239(8) 2.1473(2) 86.39 £ 2.19 8.67
AFt_0.39_DH5.5 1.1239(3) 2.1477(5) 97.33+2.52 7.97
AFt_0.67_DH3.4 1.1236(7) 2.1470(7) 93.05 + 2.28 8.89
AFt_3.89_DHO.5 1.1237(2) 2.1478(1) 94.00 6.55

The size of the needles was qualitatively estimated by ESEM image analysis of solid
pieces of around 10 mm? (Figure 3.10). At the lowest concentration (Figure 3.10a),
the needles appear approximately 0.5 pm thin and 20 um long. In contrast, the
matrix becomes denser and a significant reduction of the needles length is observed

by increasing the concentration of the suspension (Figure 3.10c).

[ ¥ )
Figure 3.10: Scanning electron microscopy images of solid piece of ettringite (a)
AFt_0.39_DH1.2, (b) AFt_0.67_DH3.4, and (c) AFt_3.89_DHO.5.

3.4.1.2 Thermal stability of ettringite

Figure 3.11 shows a gradual mass loss (%) after degassing when a higher
temperature is used. The reported mass loss corresponds to the water loss
calculated in the temperature range between 25 and 550 °C, without assignment to

the different mineralogical phases, namely AFt and gypsum.

For the four synthetic ettringites, the removal of water follows the same evolution
with temperature, regardless of the different content of gypsum. The initial content
of water is not preserved even at the very moderate temperature of 30 °C, whereas

almost 25% of the total mass is lost at 50 °C.



Reliable specific surface area measurements of cementitious systems 69

0
5 O ® AFt_0.39 DH1.1
A 0O OAFt_0.39_DH5.5
10 °
- AAFt_0.67_DH3.4
S 15 A
@ OAFt_3.89_DHO0.5
o 20 g
a o)
8 25
S O O o
g 30 2 a
L
35
40
45
0 50 100 150

Effective degassing temperature [°C]

Figure 3.11: Mass loss (%) measured by TGA after degassing at different temperatures under
N2 flow for 16 h. The effective temperatures are plotted in the x-axis and refers to that one
calculated from the calibration of the degassing station according to Figure 3.2.

The effect of the evacuation required at the beginning of the SSAger measurement on
the ettringite was also investigated by TGA measuring the mass loss of the samples
after degassing and SSAger measurements, corresponding to steps 3 and 4 in Figure
3.1, respectively. In the specific case of the AFt_3.89 degassed at 40 °C under N: flow
for 16 h, for example, around 5 molecules of water are lost after the SSAger
measurements. However, only about 2% of the total mass - corresponding to 1.4
molecules of water - was lost during the evacuation, meaning that the major

contribution to the sample decomposition occurs in the degassing step.

The dehydration induced by thermal degassing causes a structural disorder of
ettringite, as shown in Figure 3.12. The degassed samples were compared to the
untreated AFt, whose pattern evidences well-defined reflections despite the gentle

milling and sieving steps necessary for the XRD sample preparation.

The comparison of the XRD patterns obtained after degassing with the one of the
reference material indicates a significant collapse of the peak intensity even for
samples degassed at moderate temperatures (50 °C) for 16 h. Under these

conditions, furthermore, the gypsum present in the ettringite is converted into
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calcium sulfate hemihydrate. The number of water molecules was calculated

considering the mass loss measured by TGA between 25 and 550 °C.
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Figure 3.12: Structural changes in AFt_0.39_DH5.5 XRD patterns observed after degassing
under N; flow for 16 h at different temperatures. The number of water molecules in the
ettringite is reported in brackets taking into account the contribution of gypsum. The same
scale length was plotted in the y-axis keeping the original intensity for each XRD pattern. The
black diamonds indicate the reflections of ettringite, the grey circle gypsum, the white circles
calcium sulfate hemihydrate, and the white triangle calcite.

3.4.1.3 Effect of temperature on the SSA of ettringite

Figure 3.13 on the top shows the normalized SSAger values plotted against the lost
water molecules calculated from the TGA results in the temperature range between
25 and 550 °C on the samples after the SSAger measurements. The content of
gypsum was quantified by XRD-Rietveld and the corresponding water molecules
were subtracted. The SSAger values were normalized by the SSAger values measured

after degassing at 30 °C under a N flow for 16 h. This facilitates the comparison of
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the results on ettringites having different particle size distribution and primary

needle sizes due to different synthesis conditions.

The amorphization of the samples prepared at high temperatures made the Rietveld
quantification of the dehydration products from gypsum very difficult. Therefore,
the number of water molecules lost was estimated from the TGA measurements
considering the water loss from the constant gypsum content in each reference
ettringite. For this reason, the calculation results are exact only up to 40 °C. Above
this temperature, the loss of water molecules is slightly overestimated, since
gypsum partially dehydrates to calcium sulfate hemihydrate. However, the evolution
of the normalized SSAger still includes the contribution of both gypsum and its

dehydration products.

Figure 3.13 (top) can be divided in two distinct areas, of constant and increasing
normalized SSAget. In the latter, the evolution of the normalized SSAger is strongly
dependent on the lost water molecules, which are directly linked to the degassing
temperature (Figure 3.13, bottom), type of ettringite (concentration of starting
suspension) as well as the gypsum content. In contrast, the ettringite composition
does not influence the normalized SSAger values when less than 12 molecules of

water are thermally removed from the structure.

Furthermore, on samples having a gypsum content lower than 2%, the increase of
the normalized SSAger starts above 50 °C (Figure 3.13, bottom), with an associated
loss of 14 or more molecules of water. For these samples, the increase is higher for
the more concentrated ettringite suspensions, which also corresponds to powders
with a shorter needle size. At higher content of gypsum, the normalized SSAger
increases up to 50% once 12 or more molecules of water are lost starting from
temperatures higher than 40 °C (Figure 3.13, bottom). At 110 °C, a systematic drop
of the SSAger is observed.
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Figure 3.13: Evolution of the normalized SSAger with the number of water molecules lost (top)
and the degassing temperature (bottom) after thermal treatments. The grey-shaded band in
the plot on the top indicates the threshold (12-14 water molecules lost) below which the
SSAger remains constant. The error bars correspond to the standard deviation on the SSAggr
measurements.

34.14 Effect of stopping hydration protocol on the early-aged
cement pastes

Figure 3.14 shows the XRD patterns of the synthetic ettringite after contact with IPA.
No new crystalline reaction products were detected by XRD. The patterns of the

samples treated with the organic solvent are characterized by a systematic decrease
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of the intensity of all the peaks in comparison to the initial one of ettringite, while

the width of the peaks remains unchanged.

When ettringite is in contact with IPA at 22 °C, its structural order is partially
altered showing a significant decrease of the overall peak intensity of about 55%.
However, when IPA at 5 °C and - 18 °C is used, the structural changes induced on

the ettringite are substantially reduced.
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Figure 3.14: XRD patterns of AFt after treatment with isopropanol (IPA) at powder to solvent
ratio 1:50 at different solvent temperatures and after freeze-drying. The same scale length
was plotted in the y-axis keeping the original intensity for each XRD pattern.

Table 3.8 shows an increase of the loss of water molecules with the temperature of

the isopropanol. This increase is higher when DEE is used afterward.

The SSAger measurements in the same table confirm that the partial dehydration
induced by the solvents does not involve any change in the SSAger of the ettringite.
The freeze-dried sample shows a much more important mass loss. This implies an
almost complete amorphization of the sample, as shown in Figure 3.14. Surprisingly,

the change of the SSAger measured is minimal and barely even significant.
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Table 3.8: Effect of the protocol used to stop of hydration on the SSAger and water molecules
loss of the ettringite AFt_3.89_DHO.5. For the solvent replacement, the powder to solvent ratio
was 1:50.

Water molecules lost

SSAgeT
Sample 2 After stop of After SSAger
(m?/g) .
hydration measurements

Reference 8.8+0.2 - 5.1
AFt/IPA (22 °C) 8.8+0.2 1.9 6.6
AFt/IPA (5 °C) 8.8+0.3 1.4 6.6
AFt/IPA (-18 °C) 8.8+0.3 0.9 6.7
AFt/IPA (5 °C) + DEE 8.6+0.3 7.0 11.7
Freeze-drying 9.3+0.3 16.5 171

We examined whether the presence of adsorbed polymer could affect the SSAger of a
substrate, for example by modifying the adsorption of N2 (surface occupied). For this
we used an inert powder of CaCO3 (Sigma-Aldrich, ACS reagent, 99.95-100.05% dry

basis).

As first step, the powder was put in UPW at a water-to-solid ratio of 5 at 23 °C for 24
hours to mimic the formation of a hydrated shell on the surface, then it was filtered
by a membrane filter (polyamide membrane filter with a pore size of 0.45 pm
(Sartolon Polyamid)) connected to a vacuum pump (ultimate vacuum =~ 100 mbar)
and dried in a desiccator at 23 °C with a CaCl: saturated solution until constant
weight. In a similar experiment, 0.4% active by weight of solid of 4PMA1000 (for
further details, see Table 5.3 in session 5.2) was added to the hydrated CaCO3 in
UPW and mixed for further 2 hours: part of the suspension was then directly
filtered, whereas the rest was put in contact with IPA (ACS reagent 299.5%,
Scharlau) at 23 °C to mimic the stopping of hydration by solvent replacement. Prior
to this, we had verified that the polymer dosage used was sufficient to fully cover the
powder surface. Both obtained samples were dried under CaCl; saturated solution

environment.

Table 3.9 reports similar values for the three situations examined, evidencing the
negligible modification of the overall SSAper of hydrated CaCOs induced by the
adsorbed polymer. It is worth emphasizing that the PCE addition occurred on a pre-

formed crystalline phase. On the other hand, PCE addition during the nucleation of
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the same phase is likely to affect its morphology with some consequent changes of
the SSAger. Those would relate to impact on the phase formation process, but not
from a modification of the SSAper measurement itself, in particular the surface

occupied by each adsorbed molecule of N».

Table 3.9: Effect of the adsorbed PCE on the SSAger of CaCO3 powder.

Samples SSAger [m2/g]
Hydrated CaCOs3 51+£0.2
Hydrated CaCO3 + PCE 53%0.1
Hydrated CaCOsz + PCE + solvent 526+ 0.06

It has been shown how to properly prepare samples before SSAger measurements,
involving the degassing and the stop of hydration using cold IPA. These procedures
have been mostly validated on anhydrous cementitious phases and synthetic
ettringite. The proposed methodologies have been applied on fresh cement pastes
and the main challenges with this complex matrix come from stopping hydration
with cold isopropanol. Indeed, this step should be performed in a very short time to
enable the collection of many solid samples over the workability timeframe of
hydrating cement pastes. The latter might last from one to several hours, depending

on both polymer dosage and structure.

The initial contact time between IPA and cement in the beaker is only 1 minute.
Nevertheless, the total contact with IPA could be far longer (more than 40 minutes)
during the filtration of the solvent, mainly for highly dispersed cement pastes, as
indicated in Figure 3.15 (single-step filtration SF as filled symbols). The extension of
the filtration time appears to be strongly dependent on both polymer structure and

dosage.

The alternative proposed methodology - defined as “double-step filtration” (DF) -
consists of the initial filtration of fresh pastes alone under pressure, allowing the
removal of superplasticized interstitial liquid. Then, the moist paste is put in contact
with the solvent and mixed in a beaker, keeping the solvent/powder ratio of 10 and

mixing for 1 minute. The suspension is poured and filtered into a stainless-steel
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pressure filter holder as before. The powder is stored in a desiccator with a calcium
chloride saturated solution (32% RH at 20 °C) until constant mass. Dried powders
were, then, gently homogenized in an agate mortar before the different
measurements. The proposed double-step filtration drastically reduces the filtration
time - down to a maximum of 5 minutes -, regardless of either the polymer

structure or its dosage (Figure 3.15, empty symbols).

40
35
2 5PMA1000 - SF
E 30 ‘
£ 2 5PMA1000 - DF
‘o 29 .
2 . ©4.0PMA1000 - SF
+ 20
c ©4.0PMA1000 - DF
2 ]
s 15 m =2 5PMA2000 - SF
i 10 02.5PMA2000 - DF
S
5 oo &
] H’ 0o s o
0
0 2 4 6 8

Added charges [umol/g cement]

Figure 3.15 Effect of the polymer structure and dosed charges on the time necessary to
remove the solvent after solvent exchange by comparing single-step filtration (SF, filled
symbols) and double-step filtration (DF, empty symbols).

It is worth noticing that the proposed filtration time is only based on qualitative
observations, as the amount of initial paste. Therefore, the amount of solvent was
comparable, but not exactly the same. Nevertheless, the difference in terms of
filtration time between both procedures is quite remarkable. Besides the effect of
the contact time, it is important to remember that the solvent temperature increases

over time, leading to possible damage.

Without polymer, the time required for the removal of the solvent is very short
applying both methods. However, the mixing of the moist paste in the DF is difficult

and many lumps form, limiting the contact between the paste and the solvent.

As observed in Figure 3.16, the SSAger values measured on cement pastes using the

two different procedures are statistically comparable when the hydration is stopped
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after 7 minutes of hydration (according to t-test with P = 0.05 [236]). However, this

comparison is not valid for samples without polymer.
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Figure 3.16: Comparison of SSAger values from pastes obtained from single filtration (full
symbols) and double filtration (empty symbols) used to stop the hydration.

3.4.2 Discussion on SSA of ettringite

The systematic study of the thermal effect on synthetic ettringite crystals (Figure
3.11) has confirmed that under the applied degassing conditions (16 h under N:
flow), partial dehydration occurs even at moderate temperatures. Specifically, at 40
°C a loss of around 12 molecules of water has been measured. Such dehydration
involves a decrease of the crystallinity of the ettringite (Figure 3.12). However, this
does not imply a change of its SSAger. In contrast, when ettringite is exposed to
higher temperatures and more than 14 molecules of water are lost, a substantial

increase of the SSAger is observed.

Studies conducted in the past years showed the strong correlation between
temperature and partial pressure on the AFt decomposition, confirming that AFt
starts decomposing with no chance to re-hydrate at 40 °C and 0% RH [216,218]. In
the specific conditions applied during the degassing for SSAger measurements, Dalas
[237] examined also the degassing time, observing that the AFt decomposition

occurs even at 25 °C but for longer times than at higher temperatures. He also
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showed that different partial pressures induced by the use of both nitrogen and air
at different temperatures affect the AFt decomposition. However, this author failed

to mention the systematic effect on the SSAger.

Here, the degassing time was kept constant at 16 hours. Only a degassing under N>
flow was considered for all the samples and the measured RH in the tube at the
height of the powder sample approached zero. Therefore, the effects reported can

confidently be attributed to the temperature rather than changes in partial pressure.

Ettringite crystals are hexagonal prisms that consist of columns and channels
parallel to c-axis (Figure 3.17). The composition of the columns is [Cas(Al(OH)¢)2 -
24H,0]¢*. Each [AI(OH)s]3 ion at the corners of the unit cell is linked to three Ca?*
that are octa-coordinated by hydroxyl groups and four water molecules. Three
sulfate groups and two molecules of water occupy the inter-column channels

[219,235,238].

During dehydration, ettringite initially loses the two molecules of water from the
inter-column channels. This does not involve a noticeable change of unit cell size or

crystallinity, as confirmed by our results (Figure 3.12) [215,217,219,239].

Afterward, the removal of 12 additional water molecules bonded to Ca?* in apices 3
and 4, as well as the partial loss of the bridging OH groups occurs. This reduces the
cell dimension a, the inter-column space, and causes a small contraction of the cell
dimension ¢ [219,220,239], but it also leads to a loss of crystallinity as shown in
Figure 3.12. According to Skoblinkskaya and Krasilnikov [219], this water removal
happens in individual and consecutive steps. On the other hand, Young and Shimada
[215] - on the basis of their NMR experiments - concluded that the loss of water
molecules from apex 3 and from the bridging OH occur simultaneously. According to
our XRD results, the loss of 10 molecules of water already implies a significant
decrease of the crystallinity, in contrast with the results in the literature showing a
structure retention up to a loss of 14 water molecules [215,220]. However, in this
range of water loss, the SSAger of synthetic ettringites remains constant, as shown in

Figure 3.13 (top).
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Figure 3.17: Crystal structure of ettringite. The atomistic view is projected perpendicularly to the
b axis onto the horizontal ac plane. The crystallographic structural data are from [238]. Image is
courtesy of Dr R.K. Mishra (IfB-ETHZ).

Ettringite is well known to exchange as well its sulfate group with other anions, (as
OH-, CO3%, B(OH)4 and Cr0O#*) as Al3* with other cations (as Fe3*, Cr3+ and Si**) [240-
243]. Among the substituted AFts, thaumasite (Ca3zSi(OH)s(S04)(CO3) - 12H:0)
originates in concrete from sulfate attack at low temperatures involving the reaction
of calcium silicate hydrate (C-S-H) with dissolved carbonate and sulfate ions [192].
It shows no water loss up to 40 °C, even for a prolonged heating time [244] because
its structure is stabilized by the presence of carbonate ions that hinder the
dehydration process [245]. In thaumasite, the presence of carbonate groups
prevents the shrinkage along the a- and c-axes of its hexagonal structure (space
group P63) while dehydrating. In contrast, the pure COsz-ettringite, with a trigonal
symmetry, behaves more similarly to the pure ettringite, showing a halving of c-axis
[245]. From a qualitative point of view, we conclude that our sample conditioning
protocol for SSAger measurements should be also adequate for other forms of

ettringite because all the above-mentioned minerals have a better thermal stability
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than the pure ettringite studied in this paper. Nevertheless, partial pressure and
heating time also play a role in dehydration, so that this expectation ought to be

checked experimentally in future research.

3.4.2.1 Region of constant specific surface area

The initial loss of water without modification of the SSAger implies that individual
ettringite particles must increase their density when a maximum of 12 molecules of
water are removed. This has been confirmed experimentally, but the reason why
this should lead to a constant specific surface deserves to be discussed in further

detail.

In what follows we examine how various properties are affected by water loss. As
we are interested only in this dependency we use proportionality relations, using
the = sign and removing all multiplication terms that are constant. Let us assume
that, in pure ettringite, the density of the water that gets initially lost is the same as
that of bulk water. In such a situation, the density of ettringite after partial water

loss (p,) would be:

my— Mypst _ my— Mypst " 1- Xm

Vi v — V Tomy _ Mypst T 1= x
initial water lost /pl /pw P1X m

p2 = (3.1)

where m, and p, are the initial mass and the initial density of an ettringite particle
(considered constant parameters), m,,; is the mass of water lost from this particle,
X is the water lost expressed as a fraction of the initial particle mass, Vi,itiq; and
Vst water are the volumes of the initial ettringite particle and of the lost water,
respectively, p,, the density of water, while p] is the relative density of the starting

ettringite with respect to that of water equal to 1.9.

As shown in Figure 3.18, this relation agrees perfectly with the measured densities,
up to the point where more than 12 water molecules are lost (grey zone in Figure
3.18). The increase in density implies that the ettringite particles must shrink and
the question is whether this occurs similarly in all directions or not. Because of the
crystal structure, it appears more probable that this shrinkage would take place in

the directions perpendicular to the c-axis [239].
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Figure 3.18: Correlation between calculated and experimental densities. The linear relation
corresponds to the region where the SSAger of the ettringite is constant despite the water lost
(up to 12 molecules of water). The grey-shaded band indicates the samples losing more than
12 molecules of water.

Thus, the volume V, of a reference ettringite particle after partial water loss can be
expressed as a function of the characteristic lateral dimension a, and of the

fractional weight loss x,, as:

m, 1—x,
P2 P2

(3.2)

~ a2 h ~
V, = a5 h=

where h is its length being unchanged by the water loss. Together with Equation

(3.1), this gives the following expression for a, as a function of the water loss:

a; = 4 1- p;xm (3-3)

Considering the fact that our ettringite crystalized as long needles, their surface
comes mainly from the long sides. Therefore, considering shrinkage only
perpendicular to the c-axis and the same shrinkage in the two directions of the cross
section, the specific surface area for a prism with a square cross section after a

partial water loss SSA, can be written as:
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S 2a% + 4a,h
sS4, = 22 = 242 TR 44 (3.4)
m; m;

where a, is the lateral dimension of the needle and h the unchanged length of the
prism. Because of its significantly lower value, 2a3 can be neglected. Moreover, the
above relation can be generalized for any cross-sectional area, simply by considering
a characteristic dimension a, of this area, so that:

a, a, 1

SS4A, = — = > (3.5)
mp p2 a; p2 Q;

Substitution of Equations (3.1) and (3.3) gives:

_ r
SSA, ~ V1= pixm (3.6)

1—x,

Although this equation shows a certain dependence of the specific surface area as a
function of the water lost, this remains very small because the value of the relative
density of ettringite is close to two, which cancels the first order dependence on x,,
in a Taylor expansion. It is worth noting that a stronger dependence on x,, is

recovered if the particle is assumed to shrink similarly in all three dimensions. In

that case, the numerator of Equation (3.6) would have a power of 3/ o instead of 1/ 2

Consequently, we conclude that when ettringite loses its first 12 water molecules, it
shrinks only in the directions perpendicular to the c-axis. This, together with their
needle shape and starting density, explains the zone of constant specific surface
reported in Figure 3.18. This simple calculation matches the macroscopic
measurements of specific surface area of our samples. However, a more detailed
investigation of the pertinence of the underlying hypothesis concerning crystal
deformations would deserve further attention, using quantitative XRD

measurements, but this is beyond the scope of the present study.

Also, as suggested by Zhou et al. [239], this transformation may be considered as
topotactic, namely the atom groups would largely maintain their relative positions
and orientations. The loss of crystallinity would result from a lack of alignment of

the columns after this transformation. It is worth mentioning that the specific
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surface should also remain constant if particles split (break) in their length, but that

their summed length in the c direction remains unchanged.

3.4.2.2 Region of varying specific surface area

Above 50 °C, the additional loss of water causes an increase in the SSAger as shown
in Figure 3.13. In this region, it also appears that the increase in specific surface is
more important for the samples with the smallest needle size (Figure 3.11) [219].
Additionally, for a constant particle size, the SSAger increases more for the sample
with the largest gypsum content, probably because of the surface created by the

additional dehydration of this calcium sulfate phase [19].

In terms of structural modification, the thermal dehydration of the ettringite in this
region leads to the formation of meta-ettringite (m-AFt) having a number of water
molecules ranging between 9 and 13 [216,237,239]. According to the literature
[220,246], the decrease of the number of molecules retained in the structure from
18 to 6 involves the decrease of the coordination number of Ca and Al. It would also
induce the breakdown of ettringite columns and the introduction of defects and
cracks [220,239] with the consequent increase of the SSAger evidenced at
temperatures higher than 60 °C (Figure 3.13, bottom). Zhou et al. [239] conclude
that the collapse of ettringite to meta-ettringite cannot occur without scissoring and
possible rotation of individual columns with the consequent loss of crystalline

structure as demonstrated in the XRD patterns (Figure 3.12).

3.5 Effect of different stopping hydration
protocols on SSA

3.5.1 Synthetic ettringite

With respect to the protocols for stopping hydration, we have confirmed that both
organic solvents and freeze-drying can partially extract water from the crystal

structure of ettringite, as previously reported by other authors [214,247-250].
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However, if the solvent is applied at low temperature, this effect can be de facto

eliminated.

After freeze-drying, a loss of up to 17 molecules of water as well as a complete loss
of crystallinity are observed (Figure 3.12). Therefore, this method is not suitable to
stop cement hydration, if an XRD-based quantification of the ettringite is intended
[251]. Despite the slight increase of the ettringite SSAger, in practice, freeze-drying is
inappropriate because the use of high vacuum can alter the free gypsum present in

early-aged cement pastes.
In the case of the solvent replacement method, all the conditions reported in .

Table 3.8 lead to the same SSA values. This is because the number of water
molecules lost remains below 12 and, therefore, in the region of constant SSAger.
This also holds for the samples after the additional treatment with DEE, which
increases the number of water molecules lost without altering the SSAger. Moreover,

as also indicated in .

Table 3.8, all these values are identical to the untreated powder ettringite surface.
This indicates that the applied drying procedure is sufficient to remove the solvent
from the ettringite surface (degassing over 16 h under N: flow, after an adequate

drying in the desiccator).

However, the partial removal of water from the structure of ettringite using solvents
results in a partial loss of crystallinity. This problem can be reduced or even
eliminated by using cold isopropanol (5 °C or -18 °C), as shown in Figure 3.14.
Therefore, we conclude that the use of cold isopropanol is an effective way to
preserve the crystallinity of ettringite when stopping hydration, which makes

quantitative phase analysis possible.

3.5.2 Early-aged cement pastes with and without PCEs

Increasing the polymer dosage, the filtration of the solvent from the hydrating
cement paste extends up to 40 minutes (Figure 3.15). This is not acceptable for the

purpose of the present work, where the hydration has to be stopped frequently in a
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short time. The filtration time can be substantially reduced by applying the
proposed DF, limiting possible damage of the hydrates due to longer exposure with
the solvent. According to the author’s opinion, the hydration is already mostly
stopped after the first filtration step, as the interstitial fluid is removed, thus

reducing the hydration rate.

The mixing of the moist cementitious matrix with the solvent is eased by the
presence of the remaining polymer that disperses the paste. In absence of PCE, the
paste tends to agglomerate, making the contact with the solvent inhomogeneous.
This might be the reason for the major difference from the sample of which the
hydration was stopped by DF (Figure 3.16). Therefore, the single-step filtration is

preferred in absence of polymer.

A longer filtration time might be due to the interaction of the organic solvent with
the finest superplasticized particles, causing the blockage of the filter pores. For this
purpose, the interaction of an Artificial Pore Solution (APS), containing elements at
very high concentrations, namely calcium, sodium, potassium, sulfur, with a PCE has
been qualitatively studied by using a different organic solvent. This APS mimics the
composition of the cement pore solution obtained from the cement Holcim Normo
5R used in this study at w/c of 0.3 (Table 3.1). A non-commercial polycarboxylate
ether-based comb polymer obtained by copolymerization with poly(methacrylic
acid) based-backbone, C/E ratio of 2.5 and PO side chains length of 1000 Da was
dosed at 0.2% active by weight of cement (bwc). Admixed synthetic pore solutions
with the most common polar solvents used for stopping cement hydration, such as
isopropanol, ethanol acetone and methanol, produced flocculated and turbid
systems as shown in Figure 3.19. This effect occurs at room temperature as well as
at 5 °C, independently of the solvent used together with the synthetic pore solution.
From this can be inferred the beneficial effect of the removal of most of the

interstitial fluid before the contact with the solvent on the filtration time.

The main concern coming from a prolonged exposure to the organic solvent is a
possible structural dehydration of the ettringite. Synthetic ettringite was then mixed

with cold IPA for one minute in a beaker and left to rest for 5, 30 and 120 minutes.
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The solvent was filtered away in the stainless filtration system mounted with a
nylon 0.45 pum membrane filter (Sartorius) under a pressure of 4 bar. It was
confirmed that, despite a long contact with a warming solvent, the SSAger of
synthetic ettringite is not altered, since less than 12 molecules of water were lost, as

shown in Table 3.10.

\ Synthetic
pore solution
and PCE

Figure 3.19: Flocculated systems produced at room temperature by the interaction between
PCE, artificial pore solution (APS) and four common organic solvents used to stop the cement
hydration (isopropanol, ethanol, acetone, and methanol).

Table 3.10: SSAger of synthetic ettringite and water molecules lost after prolonged exposure
times with IPA at 5 °C.

Water molecules lost

- - SSABET
Time [min] [m2/g] After stop of After SSAger
hydration measurements
No solvent 8.8+0.2 - -
5 8.9+0.2 1.4 6.6
30 8.8+£0.2 29 8.3
120 8.7+0.2 3.8 9.3

This validates the analogous results in early hydrated cement pastes obtained with
the prolonged single-step filtration at the same PCE dosage. However, a shorter
contact with cold IPA is recommended if a reliable quantification of cement hydrates

is necessary.

A slight decrease of SSAget values are measured by increasing the polymer dosage at
the beginning of the hydration (Figure 3.15). This might be explained by a
preferential adsorption of the PCE on the reactive sites of the cement surface that

leads to a decreased number of steps able to retreat [15]. However, recent studies
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[9,15] showed that PCEs significantly increase the SSAger on the basis of their
structure and dosage just after few minutes after the contact with water due a
massive formation of ettringite. In those studies, model systems having high
contents of aluminates were used to amplify the effect of PCEs. In commercial
cements, in contrast, the content of aluminates is typically much lower and the lower

amount of forming ettringite has a less evident impact on the overall SSAgkr.

3.6 Conclusions

We demonstrated that the selection of the degassing conditions (temperature,
pressure and time) becomes crucial for reliable SSA measurements of anhydrous
cements by nitrogen adsorption. This is because of the dehydration of the gypsum it

contains, which involves an increase of the SSA.

At temperatures higher than 100 °C, the gypsum dehydration is complete and SSAger
values reach a plateau, the value of which depends on whether vacuum or N3 flow is
used. XRD results show that gypsum partially dehydrates even at 40 °C under
vacuum. At this condition, the dehydration process is strongly time dependent. The
thermal dehydration of gypsum involves the formation of cracks and crevices. As the
adsorptive N2 can access them, the SSAger increases significantly, whereas Blaine
values remain nearly constant. This confirms the poor sensitivity of Blaine test to
the This confirms the poor sensitivity of Blaine test to the different hydration

conditions and structural modifications of the calcium sulfate carrier.

It was also demonstrated that the dehydration of ettringite occurs even at moderate
temperatures under N2 flow (0% RH). However, this partial dehydration up to 12
molecules of water does not modify the SSAger. At high temperatures, ettringite
dehydration involves a significant modification of its crystalline structure and

increase of the SSAger.

Mild conditions involving the degassing at 40 °C under N2 flow for 16 h are mainly
recommended to preserve the chemical composition and morphology of calcium

sulfate carrier.
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We have also confirmed that both solvent exchange and freeze-drying, which are
typically used to stop cement hydration, lead to a slightly larger water removal from
the AFt structure, but a moderate increase in specific surface area is observed only
on the freeze-dried samples. Both protocols were also shown to reduce the
crystallinity of ettringite, but freeze-drying was much more drastic, leading to a
complete amorphization of this mineral. More importantly, it was shown that
stopping hydration with cold isopropanol makes possible to retain the crystallinity
of ettringite, thus enabling quantitative phase analysis of samples whose hydration

would be stopped in this way.

In fresh cement pastes, the contact with the cold solvent to stop the hydration is
generally longer than 5 minutes due to the solvent interaction with of the pore
solution containing PCEs. This leads to some nano-precipitate or micelle that slows
down the removal of the solvent probably by blocking the filter. A prolonged
exposure to the solvent does not affect the overall SSAger. Nevertheless, this limits
the number of samples that can be possibly collected in a short time. The proposed
Double Filtration (DF) shortens the filtration time down to 5 minutes regardless of

the dosage and the structure of the PCE used.

These findings and methodologies represent an essential development to address
the main scientific question in this work concerning the flow loss of superplasticized

cement pastes and their possible link to specific surface modifications by PCEs.
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Characterization of cement

pore solutions by ICP-OES

This chapter consists of the paper "ICP-OES method for the characterization of
cement pore solutions and their modification by polycarboxylate-based
superplasticizers”, Francesco Caruso, Sara Mantellato, Marta Palacios, Robert J. Flatt,
published in Cement and Concrete Research 91, 52-60 [21]. This work has been also
featured as “Highlight of Analytical Sciences in Switzerland” in a recent issue of
CHIMIA, the Official Membership Journal of the Swiss Chemical Society (SCS) and its

Divisions [22].

Ms Mantellato, in collaboration with Francesco Caruso, developed from scratch the
ICP-OES method for the characterization of cementitious pore solutions, being
missing for this application in the literature. Specifically, Ms Mantellato shares the
first co-authorship with Francesco Caruso. Under the light of her main project, this
method has been also applied for the study of pore solutions from superplasticized
cement pastes. Ms Mantellato with Marta Palacios and under the supervision of Prof.
Flatt identified major changes in cement pore solutions with PCEs, posing the basis

for a detailed understanding of working mechanisms of chemical admixtures.

The effect of the polymer structure and dosage on the cement pore solution
composition has been investigated by ICP-OES and preliminary results are reported
in Appendix . Limitations coming from the sample preparations as well as the

evolution of the elemental concentrations over time are also presented.
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4.1 Introduction

Hydration of cement is a dissolution-precipitation process. Therefore, the
quantification of the elements in cement pore solutions gives relevant information
about the assemblage of solid phases and their levels of saturation [23,38,252,253].
Besides, the analysis of pore solution is a powerful tool to predict concrete
durability [254]. It can also provide insight into understanding how chemical
admixtures, which cover a broad range of chemical structures [2], can modify

cement hydration by acting on one of the involved mechanistic steps [193,255].

Pore solution composition has been extensively combined in the literature with
thermodynamic modelling to understand the impact of different factors on cement
hydration such as temperature [222], supplementary cementitious materials (SCMs)
[222,256] and chemical admixtures [257,258]. Among different analytical
techniques such as ion chromatography, atomic absorption spectroscopy and
inductively coupled plasma - optical emission spectrometry (ICP-OES), the latter is
the most powerful to analyse trace elements in complex matrices, such as cement
pore solutions. ICP-OES can simultaneously measure the concentration of up to 70

elements, considering the matrix interferences [259].

However, although several studies have been performed on the thermodynamics
and speciation aspects of cement pore solutions [33,253,260-263], very little has
comparatively been done to define an appropriate experimental ICP-OES protocol,
including sample preparation, to provide highly reliable starting analytical data. In
particular, this method hosts the main challenge of the characterization of a complex
matrix with elements at very high concentration and other ones at very low
concentration, something barely ever mentioned in the cement literature. With
regard to the elements at very low concentrations, the quantification of aluminium
at microtrace levels is particularly challenging, considering the absence of any
reference operating condition in the existing literature. Furthermore, the analysis of
aluminium is of particular relevance in admixed cement samples, as a dramatic
increase of its concentration has been reported in their pore solutions [258,264],

although the cause of such an increase still remains unclear.



Characterization of cement pore solutions by ICP-OES 91

For the first time, we present here an easy and reliable ICP-OES method suitably
developed to quantify calcium, potassium, sodium, sulfur, aluminium, iron,
magnesium and silicon in cement pore solutions with high accuracy. This study
provides researchers and operators working in the field of cement with some clear
guidelines for characterizing their cement pore solutions. In particular, we show
that this approach leads to the improvement of the level of quantification of
aluminium by at least a factor 3.4 (when keeping into account the dilution factor),
with respect to the best case found in the literature [265]. In more extreme cases,

the improvement of the level of quantification reaches a factor 34 [253,256,262].

Finally, the use of this method is also illustrated by demonstrating the effect that
polycarboxylate-based superplasticizers (SPs) have on the chemical composition of
the pore solution, highlighting features that have not been previously reported. For
this purpose, the method presented here has been developed on pore solutions
extracted from fresh cement pastes, but the approach can directly be extended to

solutions extracted at later stages.

4.2 Essential analytical chemistry background
4.2.1 ICP-OES

ICP-OES is an instrumental analytical technique that allows the quantification of
elemental traces (down to 10 ng/L for some selected elements [266]) in liquid
solutions. It is one of the variations of atomic emission spectroscopy with an
atomization and excitation means consisting of an inductively coupled plasma torch.
Considering that plasmas - typically, argon-based - operate at much higher
temperatures than flames and graphite furnaces, the efficiency of the
atomization/excitation process is much higher, thus providing highly populated
excited states and, therefore, improved detection limits, high precision and an
extended linear response range (namely, the range of signal values for which there
is a linear correspondence with the analyte concentration) of the resulting signals

[267,268].
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Depending on the position of the observation zone (the direction where the
emission radiation of the plasma is collected, collimated, filtered and detected),
radial and axial views are possible in an ICP-OES instrument [269,270]. The radial
case is a lateral (90°) view of the plasma plume, whereas the axial one is a top view.
The axial view guarantees improved sensitivity, but also shows increased

interferences, especially when complex matrices are analysed [271].

After the atomization-excitation by the plasma, the grating separates the analytes
complex emission radiation into its fundamental wavelengths (spectral lines). After
achieving wavelength separation, the detector allows “viewing” the spectral
information [272]. The choice of the spectral lines suitable for the analysis is

dictated by the sensitivity and the absence of interferences [267].

A schematic diagram of a typical ICP-OES instrument with the detection system in

radial mode is shown in Figure 4.1.
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Figure 4.1: Diagram of a typical ICP-OES instrument with radial configuration of the detection
system, highlighting the most important parts.

Due to the above-mentioned extended linear range of the resulting signals, a single-
point calibration is usually sufficient [273]. However, when it is necessary to analyse
samples containing elements at very high concentration (in the order of g/L) and

others at very low concentration (in the order of ug/L) - such as cement pore
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solutions -, two sample dilutions and two multi-elements calibration solutions
might be needed. Furthermore, when such complex matrices are at stake, two or
more spectral lines have to be used to meet the sensitivity requirements and avoid

possible spectral interferences during the measurement.

The main shortcomings of the technique are the high running costs, the necessity of
a constant gas source (for the plasma and the nebulization of the sample), the
spectral clutter (due to the abundance of spectral features in the emission radiation
generated by a high-energy excitation-atomization source, such as plasma), which
can give rise to interferences, and a relatively high background noise [274]. The
presence of the above-mentioned spectral clutter calls for a careful selection of the
spectral lines depending on the matrix of the sample to be analysed. Aqueous phases
of cementitious systems therefore require specific procedures for a reliable analysis

of their composition by ICP-OES.

When designing a proper ICP-OES method, matrix effects must be kept into account.
This is because the mass transport properties in the nebuliser spray chamber of an
ICP instrument partly depend on the sample characteristics (viscosity, surface
tension, vapour pressure, density). Standards, therefore, must be matrix-matched to

exhibit similar transport characteristics [266].

This implies for example, that when analysing cement pore solutions, a first
indication about their composition is needed to prepare representative calibration
solutions and blanks. Blank solutions contain all the chemicals used for the analysis
but the analyte [268]. This first estimate of the composition can come from

experience with similar samples or data from the literature.

4.2.2 Main figures of merit of an analytical method

The trueness of an analytical method is defined as the agreement between the
measured value of an analyte in a reference material and a reference one [236,275].
Trueness is not a quantity and cannot be expressed numerically. However, measures

of closeness of agreement are possible [276]. The precision is a measure of the
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variability between different measurements on the same analyte [275]. A measure
of precision is the standard deviation [277]. Both trueness and precision contribute

to the accuracy of a method, as shown in Figure 4.2.

A

Trueness

>

Precision

Figure 4.2: A depiction of the trueness, precision and accuracy concepts, according to the
current ISO definitions [275]. The crosses represent single independent measurements. The
true values are at the centre of the targets.

The limit of detection (LOD) is the quantity or the concentration of an analyte that
can be detected with a given level of confidence for an analytical method [278]. An
additional important quantity is the limit of quantification (LOQ), which is the
quantity or the concentration of an analyte that can be quantified with a given level

of confidence for an analytical method [279].

4.3 Materials and methods

4.3.1 Materials

Two 25 kg-bags of fresh CEM I 52.5R OPC were provided by Holcim (Holcim Group
Services Ltd/Holcim Technology Ltd, Zurich, Switzerland) (C1) and Jura (Jura-
Cement-Fabriken AG, Wildegg, Switzerland) (C2). When arrived, the content of the

cement bags was transferred into two PE screw cap barrels to limit possible changes
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in composition due to hydration and carbonation reactions. Table 4.1 shows the

chemical and mineralogical composition of these cements.

Table 4.1: Chemical and mineralogical composition of C1 and C2 cements. The chemical
composition was obtained by X-ray fluorescence, whereas the mineralogical composition was
obtained by X-ray diffraction and Rietveld refinement. LOI = loss on ignition. IR = insoluble residue.
SOz and IR contents were determined by gravimetric analysis, as reported in [280].

Chemical composition Mineralogical composition
(% (w/w)) (% (w/w))

Cc1 C2 C1 cC2
CaO 62.6 63.5 Cs3S 70.6 64.7
Si02 19.7 20.0 C.S 8.5 145
Al;03 51 49 CsAcubic 47 54
MgO 2.3 1.8 C3A orthorhombic 1.2 05
MnO 0.0 0.1 C4AF 8.7 85
SO3 3.8 32 Gypsum 1.4 3.0
Fe 03 3.1 3.3 Bassanite 1.8 0.6
Na;0 0.1 0.2 Anhydrite 0.6 0.1
K20 1.1 0.7 Quartz 01 04
TiO> 0.4 0.3 Periclase 0.5 0.3
P20s 0.2 0.2 Calcite 20 1.8
LOI 1.8 2.0 Dolomite 01 0.2
IR 03 05
Sum 100 101 Sum 100 100

Characteristic particle diameters (volume-based) of C1 and C2 cements (in
isopropanol suspensions) were measured by laser diffraction with a Malvern
Mastersizer 5 instrument (Malvern Instruments Ltd, Malvern, UK) and are reported
in Table 4.2. The same also shows the specific surface area (SSAger) of both
commercial cements determined by nitrogen adsorption with a Tristar Il instrument
by Micromeritics (Micromeritics GmbH, Aachen, Germany). For this purpose, the
samples were degassed in an external degassing station (VacPrep 061, also by

Micromeritics) at 40 °C under nitrogen flow for 16 h (see Chapter 3).
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Table 4.2: Characteristic particle diameters (volume based) and SSA of C1 and C2 cements. The
results of the SSA are expressed as the mean value and the standard error of the mean at the 95%
confidence limit (Nsamples = 3).

Cement Dyvio (um)  Dyso (um) Dygo (um) SSA (mz/g)
C1 1.63 11.28 32.02 1.04 £ 0.01
C2 1.48 9.76 30.44 1.0+£0.1

A non-commercial polycarboxylate ether-based comb polymer was used as SP in the
present study. This was previously obtained by copolymerization and, eventually,
ultrafiltered to remove possible residues. The backbone of the used SP is based on
poly(methacrylic acid). The polyethylene oxide side chains molecular weight was
1000 Da. The molar mass of the SP (M, = 22600 g/mol, My, = 39500 g/mol) was
determined by size exclusion chromatography (SEC). SEC analysis was carried out
on an Agilent 1260 Infinity system (Agilent Technologies, Santa Clara, CA, USA)
equipped with a refractive index detector, also by Agilent. The eluent for SEC was
Na;HPO4 0.067 mol/L at a flow rate of 1 mL/min. The system was previously
calibrated with PEO/PEG molar mass standards. The carboxylate to ester ratio (C/E
= 2.7) was determined by ultra-high performance liquid chromatography. The
hydrodynamic radius of the SP (9.5 £ 0.2 nm) in synthetic pore solution [77] was
determined by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS

equipment.

The used ultrapure water (UPW, p = 18.2 MQ-cm, TOC around 1-2 ppb) was
dispensed by a Milli-Q A+ water purification system from MilliPore (Merck & Cie,
Schaffhausen, Switzerland). The nitric acid (TraceSELECT, =269%) for the
preparation of the samples was purchased from Fluka (Sigma-Aldrich Chemie
GmbH, Buchs, Switzerland). 1000 mg/L aluminium, calcium, iron, magnesium,
potassium, silicon, sodium, and sulfur standard solutions for ICP (TraceCERT) were

also purchased from Fluka.

4.3.2 Samples preparation

Around 2 kg of OPC were sampled from the PE barrel at different heights, after that

this was swirled and turned upside down several times, to ensure homogeneity.



Characterization of cement pore solutions by ICP-OES 97

Samples with and without SP were prepared. In the first case, two different dosages

and two times of addition of the SP were studied.

In all the cases, the resulting liquid was filtered in a plastic syringe connected to one
of the following disposable syringe filters (depending on the needed filtration
dimensions): 0.1 um Puradisc 25 TF by Whatman (GE Healthcare Europe GmbH,
Glattbrugg, Switzerland) and 0.45 pm CHROMAFIL Xtra H-PTFE-45/35 by
Macherey-Nagel (Macherey-Nagel AG, Oensingen, Switzerland).

As will be clearer in the presentation of the results and the discussion, the sample
preparation involves two dilutions. After filtration, the pore solution is immediately
diluted 1:10 by mass with HNO3 2% (w/w) in UPW and a portion of this is further
diluted 1:20 by mass - for a final dilution of 1:200 - with HNO3 2% (w/w) in UPW
for quantifying low- (Al, Fe, Mg, Si) and high-concentration elements (Ca, K, Na, S),
respectively. The resulting diluted solutions are put in screw cap PP containers,

sealed with Parafilm and stored in the fridge at 4 °C.

The ICP analyses were carried out within one week of the extraction.

43.2.1 Preparation of pore solutions from cement pastes without
Sp

Cement pastes were prepared in PP containers by mixing 200 g of cement and 60 g
of UPW (w/c ratio = 0.3). The powder was put in the liquid and the resulting
suspension was stirred at 200 rpm for 30 s and then at 800 rpm for 4 min with a
EUROSTAR power control visc overhead stirrer equipped with a 4-bladed propeller
stirrer, both by IKA (IKA-Werke GmbH & Co. KG, Staufen, Germany). Afterwards, the
cement paste (around 180 g) was put in the barrel (Vmax = 200 mL) of a stainless-
steel pressure filter holder (no. 16249) previously mounted with a nylon 0.45 pm
membrane filter (no. 25006), both by Sartorius (Sartorius Stedim Biotech GmbH,
Gottingen, Germany). The stainless-steel pressure filter holder was then connected
to a high-pressure air circuit (4 bar) to let the system filter the cement paste for 10

min. The total sample preparation time was therefore around 15 min.
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4.3.2.2 Preparation of pore solutions from cement pastes with SP

Cement pastes from cements C1 and C2 were prepared as described in the previous
paragraph. SP at two different dosages, 0.2 and 0.4% active by weight of cement
(bwc), was added. The amount of water included in the SP was subtracted to
maintain a constant w/c = 0.30. The SP was added at two different times. In the first
case, the SP was added to the mixing UPW (direct addition). In the latter, the SP was
added after 15 minutes of initial contact between cement and UPW (delayed
addition). This is the time when the initial aluminates hydrates are formed and the
reactivity of tricalcium aluminate is significantly reduced. Furthermore, this time
corresponds to the end of the first peak in isothermal calorimetry tests. In all the
cases, the filtration of the pore solution started after 20 min of hydration and
finished after 40 minutes. Cement pastes without SP and filtered at the same times

were also prepared for comparison.

4.3.3 High-speed centrifugation

Other pore solutions from C2 cement with SP 0.4% active bwc were centrifuged for
1 h at 41000 g with a 3-30KS instrument from Sigma (SciQuip Ltd, Newtown, UK)
and filtered with a 0.45-um filter for comparing both direct and delayed additions.

4.3.4 ICP-OES

A Thermo Scientific iCAP 6300 Dual View ICP-OES (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) with a CETAC ASX-260 autosampler (CETAC, Omaha, NE, USA)
was used for the analyses. Its operating conditions are reported in Table 4.3. In this
paper, we took the values provided by Kauppi et al. [281] as starting composition for
calibration solutions. Then with the results of the first series of analysis, the
composition of the calibration solutions was adjusted to ensure that they cover the

whole range of concentrations measured in this study.
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Table 4.3: Operating conditions for the ICP-OES measurements with the iCAP 6300 Dual View.

Operating condition/Instrument part Value/Type

Effective focal length
Spectral range
Detector

RF generator

Plasma viewing

Plasma and shear gas

383 mm

166-847 nm

CID86 chip (charge injection device)
27.12 MHz solid state

Dual

Argon

Nebulizer Concentric glass

Spray chamber Glass cyclone

Plasma torch Enhanced matrix tolerance (EMT) semi-
demountable

RF power 1150 W

Pump rate 50 rpm

Auxiliary gas flow 0.5 L/min

Nebulizing gas flow 0.5 L/min

Number of replicates per sample 3

Maximum integration time for low WL range 15 s (both axial and radial)

Maximum integration time for high WL range 10 s (axial) and 5 s (radial)

Flush time 45s

Table 4.4: Composition of the calibration solutions used in this study. CS refers to the calibration
solution used for quantifying both high- and low-concentration elements in the cement pore
solutions without SPs. CS-SP-L and CS-SP-H refer - respectively - to the calibration solutions used for
quantifying low- and high-concentration elements in the cement pore solutions with SP. The high
concentrations of calcium, potassium, sodium and sulfur in CS and CS-SP-L solutions provide matrix-

matched standards.

CS CS-SP-L CS-SP-H
HNO;3 2% SP 0.2%/0.4% act. bwc SP 0.2%/0.4% act. bwc
Solvent/blank (w/w)in 1:10 in HNO3 2% (w/w) 1:200 in HNO3 2%
UPW in UPW (w/w) in UPW
cca (mg/L) 10 10 10
ck (mg/L) 200 200 200
cNa (mg/L) 20 20 20
¢s (mg/L) 100 100 100
ca (ng/L) 20 200
cre (ng/L) 200 500
cvg (ng/L) 20 500 ---
csi (ng/L) 400.4 1001




100 Chapter 4

This procedure must be conducted every time different types of samples are used
but is something that does not seem to be done in the cement literature (or at least
that is not reported). It can be noted that when this procedure is properly applied,
the values are obtained by interpolation (namely, inside the calibration range) and
never by extrapolation [272]. The composition of the calibration solutions used in

this study is reported in Table 4.4.

4.3.5 Dynamic light scattering and total organic carbon

A Malvern Zetasizer Nano ZS was used to determine the presence of nanoparticles in
the filtered pore solutions. Measurements were conducted at 25 °C. The wavelength
of the incident laser was 633 nm and the scattered light was detected at a constant
angle of 173°. DLS measurements were carried out on solutions extracted from
pastes prepared in section 4.3.2.2, with SP 0.4% active bwc (direct and delayed
additions). For reference purposes, DLS measurements were also carried out on the

pure SP in a synthetic pore solution (prepared as in [77]).

A Shimadzu TOC-V CSH total organic carbon (TOC) analyser (Shimadzu Schweiz
GmbH, Reinach, Switzerland) was used to quantify the amount of SP in the cement

pore solutions.

DLS and TOC analyses, together with ICP-OES, were carried out on filtered cement

pore solutions before and after high-speed centrifugation.

4.4 Results

4.4.1 Analytical figures of merit of method

441.1 Trueness

The trueness of our method was evaluated by calculating of the closeness of
agreement, taken as the mean percentage deviation of three measurements from the

expected value of an independently prepared reference solution. The procedure was
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carried out for both the low- and the high-concentration elements. The composition
of the reference solution for the low-concentration elements was: 10 pg/L of Al, 100
ng/L of Fe, 10 ug/L of Mg, 200.2 pg/L of Si and 100 mg/L of Na, Kand S and 50 mg/L
of Ca - as interferences - in HNO3 2% (w/w) in UPW. The composition of the
reference solution for the high-concentration elements was: 5 mg/L of Ca, 100 mg/L
of K, 10 mg/L of Na and 50 mg/L of S in HNO3 2% (w/w) in UPW. The measures of
closeness of agreement are shown in Table 4.5. Data are reported for the different
spectral lines. Such data emphasize the importance of choosing an adequate line to
enhance measurement accuracy. This also is something that has never been

reported in the cement literature.

Table 4.5: Measures of closeness of agreement obtained with our method. The value was
computed as the mean (the measurement of the reference solution was repeated three times)
percentage deviation from the expected value of an independently prepared reference solution. The
selected spectral lines in nm and the corresponding closeness values they provide for our samples
are also shown. The selected spectral lines allow covering the range of concentrations of the samples
in this work. The plasma viewing for potassium and sodium lines is radial, whereas the plasma
viewing for all the other lines is axial.

Selected spectral Closeness

Element line (nm) of agreement
167.079 0.5%
Al
396.152 5%
315.887 1.8%
Ca 317.993 L7%
318.128 0.9%
Fe 259.940 0.7%
. 766.490 2%
769.896 2%
279.079 6%
Mg
279.553 1%
Na 589.592 2%
s 182.034 0.3%
182.624 2%
_ 251.611 0.5%
Si

288.158 0.1%
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4.4.1.2 Limits of detection and quantification

The LOD and the LOQ of the low-concentration elements (Al, Fe, Mg, Si) in cement
pore solutions were calculated respectively as three and ten times the standard
deviation [236] of the mean element concentrations of ten independently prepared
blanks [266] containing 200 mg/L of Na, K and S and 80 mg/L of Ca - as
interferences - in HNO3s 2% (w/w) in UPW. The calibration solution for such
determination contained: 20 pg/L of Al, 10 ug/L of Fe and Mg, 200.2 pg/L of Si and,
again, 200 mg/L of Na, K and S and 80 mg/L of Ca - as interferences - in HNO3 2%
(w/w) in UPW. The method yielded the LOD and LOQ values for the different lines
reported in Table 4.6.

Table 4.6: LOD and LOQ (reported in pug/L and in umol/L) obtained with our method for the
low concentration elements. The plasma viewing for all the lines is axial. npwunks = 10, for all the
proposed systems. Deviant values were discarded according to the [SO-recommended Grubbs’ test
with P=0.05 [236].

Element Selec_ted spectral LOD LOQ
line (nm) (vg/L) (pmol/L) (pg/L) (wmol/L)
Al 167.079 3.2 0.12 10.7 0.40
396.152 3.7 0.14 12.2 0.45
Fe 259.940 0.6 0.011 1.9 0.034
279.079 2.6 0.11 8.6 0.35
Me 279.553 0.15 0.0082 0.51 0.0208
Si 251.611 8.7 0.31 29.0 1.03
288.158 9.4 0.33 31.2 111

4.4.2 Composition of cement pore solutions

The composition of the pore solutions (filtered with 0.45 pum syringe filters)
obtained from C1 and C2 cements, containing SP 0.2% active bwc and filtered with
0.45-um and 0.1-um syringe filters for high- and low-concentration elements is

shown in Table 4.7.
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Table 4.7: Composition of the cement pore solutions from C1 and C2 cements without SP and
filtered with 0.45-pm syringe filters, with SP 0.2% active bwc filtered with 0.45-um syringe
filters and with SP 0.2% active bwc filtered with 0.1-um syringe filters for high- (Ca, K, Na, S)
and low- (Al, Fe, Mg, Si) concentration elements. The results are expressed as the mean value and
the standard error of the mean at the 95% confidence limit. nsmpres = 5, for all the proposed systems.
Deviant values were discarded according to the ISO-recommended Grubbs’ test with P = 0.05 [236].
The concentration values are those obtained with the lines with the best trueness. For the potassium
lines (same closeness of agreement), the one with the lower percentage standard deviation was
chosen. The * indicates that the value in the diluted solution was below the LOQ of the method, but
above the LOD.

c1 C1+SP  C1+SP.1 c2 C2+SP  C2+SP.1
cca(mg/L) 182+09 20804 202+08 19.1+03 20302 20406
ek (mg/L) 406 +4 381+6 386+14 443+11 4245 439+ 12

cna(mg/L)  57.8+409 55905 554+08 114+3  112+2  114%2

cs(mg/L) 184+ 4 173+4  173+2  206%4  197+2 2044
e (ug/L) 1.7% 212+18 16619  <LOD 2.2% 2.2%
cre (ug/L) 16+1 151+6 138+10 5%2  7.3%09 942
omg(pg/L)  1.2+02  481%39 367+43 12%02 07+03 0.6+03
csi (ug/L) 70 +3 452+50 346+33 565 66 + 3 66+ 1

Table 4.7 shows a small increase in calcium concentration upon the direct addition
of SP to both cements. Interestingly, the ratio between the concentration values of
the high-concentration elements in the pore solutions from cement pastes with the
direct addition of SP and the concentration values of the same elements from
cement pastes without SP is the same for both cements. Table 4.7 also shows a
dramatic increase of the concentration values of the low-concentration elements
upon the direct addition of SP to the C1 cement, when they are compared with the
values from the cement paste without SP. Such an increase is not visible when we
look at the results for the C2 cement with SP 0.2% active bwc. A subsequent
filtration of the pore solutions with a 0.1-um syringe filter (after a first one with a
0.45-um syringe filter) does not cause significant differences in the concentration of
the high-concentration elements. On the contrary, the use of the smaller filter pore
size leads to a systematic decrease of the low-concentration elements only for the C1
cement. However, aluminium concentration remains substantially higher than in the

non-admixed C1 cement paste.
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4.4.3 Effect of dosage and time of addition of SP on pore
solution composition

As shown in Figure 4.3, the addition of SP 0.2% active bwc to C2 cement pastes - in
both direct and delayed modes - does not affect the composition of the pore solution
with respect to the non-admixed samples. However, the addition of SP 0.4% active
bwc dramatically increases the concentration of the low-concentration elements,
showing a significant effect after the direct addition of SP. As before, a small increase

in calcium concentration can also be observed with these polymer dosages.

Figure 4.4 shows the presence of nanoparticles in the filtered solutions from C2
pastes containing SP 0.4% active bwc. Their concentration is remarkably higher
when SP is added directly with the mixing UPW, as evidenced by the higher intensity

of the scattered light.

In the case of direct addition of SP (Figure 4.4a), nanoparticles with a size of around
190 nm were detected. High-speed centrifugation dramatically reduces the amount
of these particles and nanoparticles of around 9 nm are then also observed. In the
case of delayed addition of SP, the pore solutions contain particles of around 9 and
140 nm (Figure 4.4b). However, after centrifugation, only the smaller nanoparticles,
corresponding to the free polymer, could be identified. The broad peak at 120 nm in
the pattern of the synthetic pore solution is caused by possible external
interferences during the DLS measurement. However, this does not contribute

significantly on the intensity of the scattered light.

The chemical composition of the pore solutions shows that the concentrations of
calcium, potassium, sodium and sulfur remain the same even after centrifugation in
both direct and delayed addition mode (Figure 4.5a). In contrast, high-speed
centrifugation decreases the concentration of the low-concentration elements by a
factor between 1.5 and 10, as shown in Figure 4.5b. This decrease is more

pronounced in the case of direct addition.

When SP is directly added to the cement paste, the removal of these nanoparticles
after centrifugation does not show a statistically significant decrease of the amount

of organic carbon in solution (Figure 4.6). In addition, the organic carbon content in
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the pore solution is not affected by centrifugation when the SP is added in delayed

mode.
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Figure 4.3: Composition of pore solutions from C2 cement with SP at different concentrations
(0.2% active bwc and 0.4% active bwc) and at different addition times for the high- (Ca, K, Na,
S) and low-concentration (Al, Fe, Mg, Si) elements. The results are shown as the mean values and
the standard errors of the mean at the 95% confidence limit. The grey-shaded bands in the figure on
the right indicate 10xLODs for the different elements, whereas the dashed segments indicate
10xLOQs for the different elements. The standard errors are shown when the values were above
10xLOQs. The 10x results from the dilution of the sample solutions for the quantification of the low-
concentration elements (aluminium, iron, magnesium, silicon). The grey-shaded band for the 10xLOD
of magnesium is not visible with the used scale. nsamples = 4, for the samples without SP; nsampies = 5, for
the samples treated with SP 0.2% active bwc and 0.4% active bwc and direct addition; nsamples = 3, for
the samples treated with SP 0.2% active bwc and delayed addition; nsamples = 6, for the samples
treated with SP 0.4% active bwc and delayed addition.
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Figure 4.4: Intensity size distribution of pore solutions from C2 cement containing SP 0.4%
active bwc, before and after 1 h high-speed centrifugation, at different addition times: (a)
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Figure 4.5: Composition of pore solutions from C2 cement containing SP 0.4% active bwc, at
different addition times, before and after 1-hour high-speed centrifugation for high- (Ca, K, Na,
S) and low-concentration (Al, Fe, Mg, Si) elements. The results are shown as the mean values and
the standard errors of the mean at the 95% confidence limit. nsamples = 4. Deviant values were
discarded according to the ISO-recommended Grubbs’ test with P = 0.05 [236].
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Figure 4.6: Total organic carbon in solution from C2 pastes containing SP 0.4% active bwrc,
direct and delayed addition modes, before and after high-speed centrifugation. The results are
shown as the mean values and the standard errors of the mean at the 95% confidence limit. nsampies =
4, for the samples with direct addition of SP; nsamples = 5, for the samples with delayed addition of SP;
Nsamples = 4, for the samples with delayed addition of SP and centrifuged.

4.5 Discussion

4.5.1 Relevance of the method

The presented method shows a good trueness. From Table 4.5, we can in particular
highlight the importance of the proper choice of a spectral line. Overall, the
measures of closeness reported for our method in Table 4.5 are much better (lower)
than the 25% for an ICP-OES method that would feature a calibration not specifically

designed for the matrix of interest [273].

Our LOD values for silicon and aluminium in cement pore solutions are 12 and 34
times lower, respectively, when compared with the ones reported by the most
recent reference that to the best of our knowledge explicitly provides such values
(0.004 mmol/L for both elements) for pore solutions (Table 4.6) [256]. The same
values are 12 and 31 times lower, when compared with the ones obtained by ion
chromatography in another study [262]. Our LOD value for magnesium in cement
pore solutions is 162 times lower when compared to the most recent one (0.001

mmol/L, corresponding to slightly less than 25 pg/L) available in literature [265].
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When compared with the estimated LOD values for aluminium, iron and magnesium,
reported by the ASTM standard test method for the analysis of elements of water by
ICP-OES [282], our values are 14, 12 and 200 times lower, respectively, despite

using a much more complicated matrix.

However, all the authors of the above-mentioned studies fail to describe the
procedure, the dilution and the blanks employed to determine the LOD values. Our
approach keeps into account the interferences possibly arising from the high
concentration values of calcium, potassium, sodium and sulfur. It should be noted
that if the determination of the LOD values is carried out in simpler matrices (but
not relevant for cement), much lower values are expected [266]. In addition, the
lines we suggest here were chosen to avoid spectral and matrix interferences
noticed with other lines, to ensure linearity in the range of the measured
concentrations and to have the best possible trueness. As a result, the presented
method offers very much enhanced reliability and sensitivity in solution analysis of

cement pore solutions by ICP-OES.

4.5.2 Impact of SP on pore solution composition

In the particular case of aluminium, concentrations obtained for both cements and in
absence of polymer are below the LOQ, while this is not the case for the other low-
concentration elements (Figure 4.3 and Table 4.7). The addition of a
polycarboxylate-based SP dramatically increases the amount of all low-
concentration elements, going up in some situations by a factor of 500 and 2000 for
aluminium and magnesium, respectively (Figure 4.3 bottom). The magnitude of this
increase depends on the type of cement, dosage and mode of addition of the
polymer. A more accurate accounting of the role of these factors is however beyond

the scope of this paper.

The observed increase of the low-concentration elements when SP is added in direct
mode could be partially explained by the presence of nanoparticles (around 190 nm,
Figure 4.4a), in the pore solution and going through the 0.45-um filter used. Indeed,

when using a 0.1-um filter, a partial reduction of the low-concentration elements is
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observed for cement C1 (Table 4.7). This probably indicates that the amount of
these nanoparticles is also reduced, confirming experimental observations reported
in other studies [9,176]. However, a more radical reduction of the amount of these
nanoparticles was obtained after high-speed centrifugation. For direct addition of
SP, this reduced the amount of nanoparticles (Figure 4.4a) and decreased the
concentration of the low-concentration elements (Al, Fe, Mg, Si) by a factor between
1.5 and 10 (Figure 4.5 bottom). The delayed addition of the SP always produces
substantially fewer nanoparticles (Figure 4.4b) and correspondingly much lower

values of the low-concentration elements (Figure 4.5 bottom).

We discard a priori the option of ultrafine and very reactive particles from the
anhydrous cement, not reacting upon direct addition of SPs. The dissolution of such
particles (mainly composed of silicates) before the ICP analysis (treatment with
nitric acid) would, in fact, not explain the dramatic increase of magnesium,
aluminium and iron, which are minority elements in anhydrous cement. In this

section, we examine three hypotheses concerning the nature of these nanoparticles:

1. They are nano-ettringite, nano-AFm and/or nano-C-S-H particles, whose
growth is inhibited by adsorbed SPs that additionally keep them dispersed
[9,176,283]. These stabilized nanoparticles would not agglomerate or
precipitate onto clinker particles, remaining in the pore solution and passing
through even very fine filters [9];

2. They are comb copolymers that form intramolecular complexes with
aluminium, iron and/or magnesium, similarly to what is reported in
literature for PEO with other cations [170-172];

3. In agreement with recent developments in the alternative theory of
crystallization [284-286], they could result from a miscibility gap causing a
liquid-liquid separation. The nanoparticles observed would be droplets in an
immiscible liquid rich in complexes of polymers and polyvalent cations

[287].

On the basis of the present results, it is not trivial to discriminate between the

above-mentioned hypotheses. The major changes in the system occur in the case of
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direct addition of the SP, indicating a perturbation of the initial dissolution of the
anhydrous clinker phases, mainly tricalcium aluminate, and/or nucleation of initial
hydrates. When the SP is directly added with the UPW, the decrease of the amount of
aluminium after centrifugation could be attributed to the removal of nano-ettringite
and/or nano-AFm particles stabilized by the adsorbed SP. Based on the particle size
measured by DLS, the calculation of the specific surface of this ettringite leads to a
value of 18.6 m?/g. Using the adsorption conformation model proposed by Flatt et al.
[65], we can estimate that the plateau adsorption for our polymer is about 8 mg/g of
ettringite. Therefore, since centrifugation reduced aluminium by about 0.26 mmol/L
(corresponding to 162 mg of ettringite/L), we estimate that the PCE concentration
would change by about 1.3 mg/L if the particles are indeed ettringite. This amount is

unfortunately below the one that can be resolved from our TOC measurements.

At the same time, we cannot exclude the possibility that either polymeric aggregates
or a liquid-liquid separation is at stake. In both cases, the formation of aluminium-,
iron- and magnesium-polymer complexes would be involved, which is compatible
with the observed increase of the concentration of these elements in solution. DLS
measurements of the pore solution obtained from samples after the direct addition
of SP confirmed that the free polymer (9 nm) is only observable after centrifugation.
Additionally, the nanoparticle peak is substantially reduced (Figure 4.4a) by the
centrifugation, but the TOC value is not changed (Figure 4.6). This suggests that the
polymer might initially be contained in aggregates or droplets that are decomposed
during the centrifugation, releasing free polymer in solution. However, more careful
TOC experiments will be needed to support (or exclude) the first of the three

proposed hypotheses in the case of direct addition.

The delayed addition of SP reduces the effect of the polymer on the concentration of
aluminium in the pore solution (Figure 4.3 bottom), as the hydration of tricalcium
aluminate has substantially slowed down before the addition of the polymer. In this
case, the free polymer has been identified in the DLS curves together with a lower
number of particles around 140 nm than in the case of direct addition. As for the

particles of similar size identified in direct addition, these particles disappear upon
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centrifugation, indicating that they decompose under the same forces and are

probably of similar nature.

While it is clear that the formation of solid nanoparticles (namely, nano-hydrates of
the aluminates) and/or aqueous intramolecular complexes can potentially have
major implications in the early stages of hydration of admixed cementitious systems,

defining the exact nature and impact still requires additional research.

4.6 Conclusions

Although ICP-OES is broadly used in the cement community for characterizing pore
solutions, its potential seems to have been largely underused. Indeed, levels of
detection and quantification reported in the literature are substantially worse than
those reported in this study. The reason seems to lie in a sub-optimal (whenever)
accounting of matrix effects that has almost never been reported in the
corresponding literature. With the proposed method, it is possible to characterize
such a complex matrix, containing elements at very high concentration and other
ones at very low concentration, pushing the limits for detecting aluminium. This is of
great importance in the hydration of chemically admixed systems or in the ones

containing aluminosilicate SCMs.

In terms of changes in solution composition in the presence of polycarboxylate-
based SPs, we showed that very substantial increases of aluminium, iron and
magnesium take place. However, these occur in case of direct addition, indicating
that changes arise from perturbing the initial dissolution of tricalcium aluminate

and/or nucleation of ettringite.

It is suspected that nano-hydrates of the aluminates and/or a phase composed of
polymer aggregates (possibly, intramolecular complexes between polymers and
multivalent cations) form. The exact nature of this phase must still be elucidated, but
its formation opens new keys to interpreting the impact of organic admixtures on

the initial hydration kinetics of cement.






Chapter 5

Impact of PCEs on flow loss

The content of this chapter is presently not included in any publication or draft
publication. However, in combination with the content of Chapter 6, these will be the

main topic of a peer-reviewed ISI journal paper.
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5.1 Introduction

It is widely known that the loss of fluidity might be affected by a number of factors,
such as cement hydration, mixing procedure as well as type, dosage and addition
mode of superplasticizers [8,12,13,158-160,288]. The fact that all of these
parameters can act simultaneously makes it very challenging to account for flow loss
in quantitative terms. This is why - over the past two decades - fluidity loss in
superplasticized systems has been mainly explained in qualitative terms and only on
a comparative basis [11-13,288]. As a consequence, the mechanism responsible for
the flow loss in superplasticized cementitious systems and the role of the polymer

molecular structure remain unexplained in the literature.

This chapter presents results that fill that missing gap. In particular, we establish a
relationship occurring between flow loss and hydration kinetics. More importantly,
we show that all the data can be rationalized with a master curve that allows

predicting the effect of the molecular structure and dosage of PCEs on flow loss.

5.2 Materials and methods

5.2.1 Materials

Five 25-kg bags of fresh commercial CEM I 52.5R OPC (Holcim Group Services
Ltd./Holcim Technology Ltd., Zurich, Switzerland) were used in the present work.
The content of the cement bags was mixed and transferred into three PE screw cap
barrels to limit possible changes in composition due to hydration and carbonation

reactions.

Table 5.1 shows the mineralogical composition of the used cement, as determined
by Rietveld analysis of the X-ray diffraction (Bruker AXS D8 ADVANCE with metal
target of Cobalt anode) patterns and expressed in values normalized to 100% of

crystalline phases.
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Table 5.1: Mineralogical composition of the used cement. The mineralogical composition was
obtained by X-ray diffraction and Rietveld refinement.

Minerals Cement

% (w/w)
CsS 72.1
C.S 4.8
CA 5.2
C4AF 10.9
Calcite 0.1
Periclase 0.8
Gypsum 3.2
Hemihydrate 2.3
Anhydrite 0.6

One sample was taken from each of the three barrels used. Table 5.2 reports the
mean value and the corresponding standard deviation of the characteristic particle
diameter (volume based) of this cement, measured (in isopropanol suspensions) by
laser diffraction with a Malvern Mastersizer 5 instrument (Malvern Instruments
Ltd., Malvern, UK). The same table also shows its specific surface area (SSAger)
determined by nitrogen adsorption with a Tristar Il instrument by Micromeritics
(Micromeritics GmbH, Aachen, Germany). Anhydrous samples were degassed in an
external degassing station (VacPrep 061, also by Micromeritics) at 40 °C under

nitrogen flow for 16 h as reported in Chapter 3.

Table 5.2: Characteristic particle diameters (volume based) and SSAger of Cement I 52.5R
Normo 5R. The results of the SSA are expressed as the mean value and the standard deviation of the
mean (Nsamples = 3).

Cement Dyio (um)  Dyso (um)  Dyoo (um)  SSAger (m2/g)

Normo 5R 26+0.1 18.1 £ 0.6 46+ 1 1.04 £0.01

Five non-commercial polycarboxylate ether-based comb polymer were used as
superplasticizers (SPs) in the present study. The structural parameters are
described in Table 5.3. They were synthesized by copolymerization and ultrafiltered
afterwards (Labscale TFF System, Merck Millipore) to remove residual monomers,
side chains and salts. More details about the synthesis pathway and the

quantification of charges are presented in section II.1.
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Table 5.3: Characteristic molecular parameters of the used comb-shaped copolymers. n is the
number of units or the number of side chains for a single molecule. C/E is the number of
monomers in the backbone for a single side chain that contains P monomers of ethylene oxide
(P simply representing the length of one side chain). Spcr is the surface occupied by a single
adsorbed molecule calculated with Equation (2.7). K is the adsorption equilibrium constant

(Equation (2.4)). #COO-" is the content of carboxylate groups in mmol per g of dry polymer. The
asterisk indicates the Mw determined by SEC calibrated with PEO/PEG molar mass standards.

#COO-
PCE type [lllal;Zl] r(;{fo n [an/rsr;)(c)Iiecule] Kx10%  [mmol/g

PCE]
2.5PMA1000 319 270 23 24 123 52 2.111
4.0PMA1000 25.4 413 23 18 101 126 2.87
2.5PMA2000 64.0 275 46 28 262 13 1.18
4.0PMA2000 45.7 436 46 19 198 39 1.77
2.5PMA5000 106.0* 1.89 115 20 399 2 0.36

The molar masses of these polymers were determined by Size Exclusion
Chromatography (SEC) with an Agilent 1260 Infinity system (Agilent Technologies,
Santa Clara, CA, USA) equipped with a refractive index detector and a multi-angle
laser light scattering detector (MALLS). The molar mass determination was
generally done by using by SEC-MALLS. However, for the polymer 2.5PMA5000, the
molar mass determination was done by using a calibration based on PEO/PEG
standards since about 11% of residual chains still remained in solution even after
the ultrafiltration. Under these conditions, the absolute method cannot be adopted
for the quantification of the molar mass, as the uncertainty on the initial
concentration would be too high. In Table 5.3, the Mw of the polymer 2.5PMA5000 is
differentiated from the ones of the other polymers with an asterisk. The carboxylate-
to-ester ratio (C/E) indicates the grafting density of the side chains and was
calculated knowing the number of charges quantified by titration (section I1.1). The
used ultrapure water (UPW, p = 18.2 MQ-cm, TOC around 1-2 ppb) was dispensed
by a Milli-Q A+ water purification system from MilliPore (Merck & Cie, Schaffhausen,

Switzerland).
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5.2.2 Methods

5.2.2.1 Cement paste preparation

2 kg of OPC were sampled from different heights of PE barrel to prepare a cement
paste with UPW with a constant water to cement ratio (w/c) of 0.3 using a Hobart
mixer (N50 5-Quart Mixer). PCEs were dosed directly with the mixing water (direct
addition). The mixing procedure was started after pouring the cement in the
solution. This consists of 30 seconds at low mixing speed (139 rpm), 30 seconds at
high speed 2 (285 rpm), 30 seconds of stop were necessary to scrape the paste off

from the bowl surface, then, 4 minutes at speed 2 for the final mixing.

Just after the mixing, the cement paste was poured in 10 plastic beakers containing
each 250 g of paste, then covered with Parafilm to avoid water evaporation and
uptake of carbon dioxide over time. At the chosen time of rest, each small batch of
paste was mixed for 3 minutes at 800 rpm with a vertical mixer (Eurostar power
control visc with a 4-bladed propeller stirrer, IKA) to study the evolution of the
cement paste properties, namely fluidity, pore solution compositions, and specific

surface area over time.

In absence of PCEs, the procedure for the preparation of the cement pastes involved
the delayed addition of UPW to reach a sufficiently large initial spread diameter to
reliably evaluate the evolution of the yield stress and the specific surface area. The
initial procedure as well as the partition of the paste are the same as presented in
the above paragraph. It is known that a change of the initial w/c ratio can strongly
affect the dissolution/precipitation processes. Therefore, additional water was
added 10 minutes after the first contact with water and mixed with the original
paste at 800 rpm for 2 minutes to range final w/c ratios between 0.494 and 0.55.
Calorimetric tests were started just after the end of the mixing. Using this procedure,
we could demonstrate that a delayed addition of water, keeping the same w/c ratio
at the beginning of the hydration and consequently the same supersaturation of the
pore solution, does not affect significantly the dissolution process in the first hours

of hydration (as shown by the similar initial part of the calorimetric curves in Figure
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5.1b), whereas the main differences are noticed in the intensity of the silicate peak

at later times (Figure 5.1a).
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Figure 5.1: Calorimetric tests shown as heat rate over time for cement pastes without PCE at
different delayed additions of water. (b) shows an expansion of (a) of the first 4 hours. This
shows better the induction and the take-off of the acceleration period.

5.2.2.2 Yield stress from spread flow measurements

After a predetermined resting time, each cement paste sample is remixed for 3
minutes at 800 rpm with a vertical mixer (Eurostar power control visc with a 4-
bladed propeller stirrer, IKA) before the spread flow test. This breaks down the
bonds formed by thixotropic build-up while the cement was left at rest and puts

samples in a comparable shear history state before being measured.

The flow spread test is performed by using a plastic cylindrical mould, having both
diameter and height of 5 cm. It is placed on a flat horizontal glass plate with a
smooth and wet surface and is filled with the cement paste one minute after mixing.
The cylinder is slowly lifted one minute later to let the paste flow. Two
perpendicular diameters of the spread at the base of the sample are then measured.
The glass plate and the cylinder with the remaining paste are weighed to calculate

the density of the cement paste.

The shape of cementitious materials at stoppage is well accepted to be related to the

yield stress [115,116,289,290].
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Over the past years, a greater attention has been taken to quantitatively obtain
reliable relations between yield stress values and either spread flow or slump tests.
Roussel and Coussot demonstrated that high yield stresses lead to deformation
involving extensional flow (Equation (5.1)) [132]. For very low spreads, they

express yield stress by the following equation:

pVg
= (5.1)
0 V3 mR?

where p and V are the density and the volume of the sample, respectively, R is the

radius of the spread and g the standard gravity.

As expressed elsewhere [154], the spread flow depends on the sample volume and

the mould geometry in addition to the yield stress, which is a material property.

Roussel et al. [291] demonstrated that samples with low yield stress are subject to
pure shear flow at very large diameters. The proposed model relates the
characteristics of the cement paste, namely either height or radius, to the variation
of the pressure in the sample. The yield stress is then calculated as:

225 R?
2p-5 _ , R° (5.2)
2829V R~y

To =
where surface tension effect is taken into account by the last term for which the
coefficient 1 of 0.005 is proposed as a reasonable value for most cases.

Flatt et al. [154] proposed to combine both expressions above, Equations (5.1) and

(5.2), using an exponential function of the spread diameter:
7o =exp(b—a-D) (5.3)

where D is the spread diameter (cm), a and b are fitting parameters corresponding

to 0.3506 and 8.1505, respectively.

In the context of this thesis, the fitting parameters a and b were slightly changed to

0.3480 and 7.9473, respectively, considering that the averaged density of the
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produced cement pastes is 2.00 g/m3 and used cylinder. In the following plots, the

updated version of this model is referred to as “Flatt et al. (2006) - adapted”.

Some years later, Equations (5.1) and (5.2) were merged in a different way, using an
analytical solution that covers the limits of both high and low deformations [93]. An
advantage over the previous interpolation is that the volume and the sample density

dependence are explicitly included:

225pgV? ARZ
T, = i (5.4)
225 v
2DPR5 . -3
[128n R (1+128n V3VR )]

More recently, Pierre et al. [118] intended to rationalize the previous equations and
to develop an ex novo model valid for intermediate flow regimes. Their objective is
to account for the shape of the sample at the stoppage. Because of this, they consider
that the upper part of the sample keeps the shape of the original mould, while the

spreading sample around the central part is considered almost unsheared.

Equation (5.5) enables the reliable quantification of the yield stress regardless of the
flow regime, sample volume or mould shape. However, the calculation of the yield
stress is quite elaborate and is only presented for cylindrical moulds. This leads to

the following solution:

_b_Vb2_4aC ? (55)
fo = 2a .

B TR2V3
Py

8 5 4m 3 5 17 (2
a b= [E (R-R)2 + - Ro (R-Ro)? + R} (R-RO)Z] —ande=-V
where V is the volume of the sample, R and R, are the radius of the spread and the

radius of the cylinder, respectively.

In two independent works, it was demonstrated that the surface tension effect
cannot be neglected for high spread values corresponding to about 1-2 Pa [154,291].
The model proposed by Pierre et al. [118] does not include the contribution of the

surface tension effect. However, it can be easily included in the same way as Roussel
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et al. did. We have done this and refer to the resulting equation as “Pierre et al.

(2013) - adapted” using:

_ _b - Vbz - 4aC 2 RZ (5.6)
o= 2a v

This upgraded version of the equation proposed by Pierre et al. is considered as the
benchmark model because it holds throughout the range of spread values and does

not involve any fitting parameters.

A closer look at the relative value of the different models with respect to the

benchmark is given in Figure 5.2.
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Figure 5.2: Comparison between different models for the calculation of the yield stress and

the adapted model proposed by Pierre et al. [118], expressed as absolute relative error in
percentage, by varying the spread diameter. The sample density is 2.00 g/cm3 and the
cylinder has a volume of 98 cm3.

This shows major deviations for those models that can be reliably applied only for
either very low or very high diameters, respectively. The empirical equation
proposed by Zimmermann et al. [93] suffers at the intermediate range of spread
values, reaching a relative difference higher than 25%. However, the simple
interpolation using an exponential function (Flatt at al. (2006) - adapted) offers a
very good match to the benchmark over the whole range of spreads. For this reason

and because of the simplicity of its mathematical expression, we have used this

relation to analyse flow spread tests through this thesis. We note, however, that



122 Chapter 5

yield stress predictions at very low spreads are inherently questionable. Therefore,
while data is reported, flow values lower than 6.5 cm are not used in quantitative

analysis of flow loss.

5.2.2.3 Isothermal calorimetry

Calorimetric measurements were performed on about 5 g of the final paste in an
isothermal calorimeter TAM Air (Waters GmbH, UB TA Instruments, Eschborn,
Germany) at 23 °C. The calorimetric test is started just after the mixing and
performing the spread flow at 10 minutes. The exact starting time of the
measurement was taken into account to guarantee the right calculation of both heat
rate, expressed in mW/gcement, and cumulative heat, expressed in J/gcemen, at the

time corresponding to the spread flow tests.

Owing to both instrumental and operative limitations, calorimetric data can only be
considered reliable 30-40 minutes after the start of the experiment. This time is
indeed necessary to let the sample reach the set temperature. By doing this,
information relating to the aluminate dissolution (that makes its most significant
contribution to cumulated heat released in the first minutes of hydration) is partially

omitted.

5.2.2.4 Adsorption tests by TOC measurements

The content of organic carbon in pore solution from admixed pastes is typically
quantified by the TOC (Total Organic Carbon) analyser (TOC-V CSH Shimadzu
Schweiz GmbH, Reinach, Switzerland). Pore solutions were filtered from about 50 g
of cement paste poured in the barrel (Vmax = 200 mL) of a stainless-steel pressure
filter holder previously mounted with a nylon 0.45 pym membrane filter (Sartorius
Stedim Biotech) connected to a high-pressure air circuit (4 bar) for 10 minutes. The
pore solution was, then, filtered in a plastic syringe through a disposable syringe

0.45 pm filter (CHROMAFIL Xtra H-PTFE-45/35, Macherey-Nagel).

The instrument was calibrated by suitably diluting a 1000 mg/L TOC standard (by
Sigma-Aldrich, produced according to ISO/CEN EN1484) in UPW to have a
calibration curve ranging 0-100 ppm and 0-250 ppm. Freshly spilled UPW was the
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blank used for the analyses. The reference material had a concentration of 50 ppm of

TOC, also prepared by diluting the above-mentioned TOC standard solution.

The percentage deviation (a measurement of the trueness of the method) referring
to the measured and the expected concentrations of the above-mentioned reference
material (four samples from the same reference solution were spilled) is 1.7%. The
obtained Limit of Detection (LOD) and Limit of Quantification (LOQ) (nplanks = 3) are

0.10 mg/L, and 0.35 mg/L, respectively.

For TOC measurements, a part of the filtered solution was diluted at least 20 times
with a 0.05 M HCI (Sigma-Aldrich, TraceSELECT, fuming, = 37%) in UPW to fit in the
above-mentioned calibration range of the TOC analyser. The acidification causes the
dissolution of hydrates that may have passed through the 0.45 pm filters, while the
dilution decreases the salt concentration. This protocol is beneficial for a longer

service life of the catalyst of the TOC analyser.

The so-called “depletion method” was used to quantify the amount of adsorbed PCE.
The TOC content of the reference paste without polymer was measured and
subtracted from the analysis of the samples with polymer. This is a way of correcting

for possible organic compounds in the cement paste, such as grinding aids.

5.2.2.5 Stopping cement hydration

Solvent exchange was adopted to efficiently stop cement hydration by the removal
of the capillary water. In this work, hydration had to be stopped on numerous
samples for their characterization over the first few hours of hydration. The protocol
proposed in Chapter 3, involving the mixing of cold isopropanol at 5 °C with the
cement paste at the ratio cement paste/solvent ratio of 10 and the proposed double-

step filtration, was optimized for this purpose.

5.2.2.6 SSAger measurements

The BET surface area measurements (SSAger) were carried out on the previously
dried samples using a BET multi-point nitrogen physisorption apparatus

(Micromeritics Tristar II 3020). The nitrogen adsorption was measured from an 11-



124 Chapter 5

points isotherm at a relative pressure P/Py range of 0.05 to 0.30 at 77 K. The SSA
determinations were repeated three times for each sample. The samples were
degassed in an external degassing station (VacPrep 061 from Micromeritics) at 40 °C
under N flow (with a maximum flux of about 3 x 103 m3/h) for 16 hours as

reported in Chapter 3.

5.2.2.7 Shifting factor (dosage dependence of yield stress)

One of the problems when studying the effect of superplasticizers on the yield stress
of cement pastes is that high dosages will lead to segregation, while low dosages will
lead to pastes whose yield stress cannot be easily measured. A resulting problem is
that it is difficult to characterize the effect of volume fraction, because for a given
superplasticizer dosage, the volume fraction can only be changed within a small
range without running into one of the two problems above. Some relations have
been proposed in section 2.4.3.1, but they lack abroad experimental validations for

cement suspensions.

In this section, we propose an approach based on the assumption that yield stress is
proportional to the product between a function of the volume fraction and another
function of the degree of dispersion, the latter depending on superplasticizer type

and dosage. This is expressed by Equation (5.7):

Toe ¢ f($) - g(PCE, c) (5.7)

Considering Equation (5.7), we decided to measure the yield stress of cement pastes
at different dosages, using the possible range of volume fraction allowed by each of
those dosages. This means - for example - that for a high dosage, the volume
fractions tested would be high, whereas, for a low dosage, the volume fraction would
be low. Based on Equation (5.3), it should then be possible to multiply each data
series by a factor to build a master curve of yield stress versus volume fraction. Such
a plot would then provide with the expression of the volume fraction dependence, as

explained in section 5.3.6.
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In addition, the shifting factors needed for pastes prepared without superplasticizer
are expected to give the ratio of interparticle forces of the dispersed pastes with
respect to the plain cement. Plotting these factors versus dosage would then provide

the dependence of yield stress on polymer dosage, as shown in section 5.3.6.

For this set of experiments, 2 kg of OPC were sampled from the PE barrel at different
heights to prepare a cement paste with UPW with a constant water-to-cement ratio
(w/c) of 0.3 using a Hobart mixer (N50 5-Quart Mixer). PCEs were dosed in direct
addition mode as described in section 5.2.2.1. The resulting cement paste is then
split into 10 small batches whose masses have been carefully measured. The
hydration kinetics is monitored by isothermal calorimetry. The additional water is
weighed and added 10 minutes after the initial mixing in the paste over the
induction period when a low activity in the dissolution process is observed and the
yield stress of the paste remains unchanged. Right after each water addition, the
cement paste was mixed for 3 minutes at 800 rpm with a vertical mixer (Eurostar

power control visc with a 4-bladed propeller stirrer, [KA).

5.3 Experimental results

5.3.1 Yield stress evolution

Figure 5.3 shows the evolution of the fluidity in relation to the polymers structure.
Different concentrations were selected to cover a broad range of spread diameters

for each polymer at the beginning of hydration.

The initial fluidity, expressed as yield stress (Pa) and calculated by the Equation
(5.3), depends on the polymer dosage and structure. Specifically, the yield stress
increases when the dosage decreases. Generally, it is however noticed that all
polymers lead to a yield stress that rapidly stabilizes and then evolves only very
slowly during a period that we define as open time. This is followed by a rapid
increase of yield stress, which we have tried to correlate to polymer structure and

dosage.
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Figure 5.3: Evolution of yield stress over time in presence of different polymers: (a)
2.5PMA1000, (b) 4.0PMA1000, (c) 2.5PMA2000, (d) 4.0PMA2000 and (e) 2.5PMA5000. Each

graph shows data series for different dosages. The empty symbols indicate the first data that
cannot be related to isothermal calorimetry measurements.

[t should be noted that the first data points after the mixing are collected before the

start of the isothermal calorimetry measurements. Therefore, they cannot be related
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to the first steps of hydration kinetics and are not included in our subsequent data

analysis.

Refludification, evidenced as an increase of the spread diameter after some minutes
after mixing, is most clearly observed with the polymers having a C/E ratio of 2.5.
However, this effect is less evident or even absent with polymers with higher C/E
ratio. Such effects depend on the sulfate content of cement and the molecular
structure of the polymer [91]. In essence, it relates to a possible sulfate competition
as explained in section 2.3.4. Therefore, polymers having high sensitivity to sulfates

should be most susceptible to refluidication [93,292].

Refludification is also an example of how mixing affects properties. Other examples
include the so-called “irreversible structural breakdown” [104]. In the context of this
thesis, it was noticed that a too short mixing time would lead to an underestimation
of the polymer dispersion ability. As a consequence, the polymer could be
overdosed, causing some pastes to segregate even after few hours. For this reason,
the impact of mixing duration was carefully studied and it was found that a mixing

time between 4 and 6 minutes could limit such problems.

The developed protocol involved the preparation of large quantities of cement
pastes by using the Hobart mixer. Since this is a rotation rate controlled mixer we
could only set the mixing speed and time, so that the mixing energy changed from
case to case depending on the cohesion of the paste. To the best of our knowledge,
there is no alternative approach to overcome this issue when using rotation rate

controlled mixers.

5.3.2 Adsorption evolution

The evolution of adsorption for 2.5PMA2000 and 4.0PMA1000 is presented over
time and for different dosages in Figure 5.4. This evolution is clearly influenced by
the polymer structure. For 4.0PMA1000 at the reported dosages, the initial
adsorption does not increase much with dosage and only increases moderately with

time. The polymer 2.5PMA2000 maintains a roughly constant adsorption until a
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critical moment after which its adsorbed amount drastically increases. In contrast,
the polymer 4.0PMA1000 is adsorbed and only slightly more consumed over time,

regardless of its dosage.
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Figure 5.4: Adsorption evolution by varying the polymer concentration for the polymers: (a)
2.5PMA1000 and 2.5PMA2000, and (b) 4.0PMA1000.

5.3.3 SSAgeT evolution

The SSAger of the anhydrous cement is around 1 m?/g. Because of this reason, Figure
5.5 emphasizes the SSAger changes after the mixing of cement with water and
polymer. As a general observation, the SSAger increase ranges approximately from 2

to 3.5 m?/g in the studied timeframe.

The changes in SSAger are lowest for the polymers with higher C/E, as exemplified in
Figure 5.5¢, for 4.0PMA1000. For polymers with a lower C/E, the SSAger increases
more (Figure 5.5a and b)). Also, in all cases, it appears to be a period of slight change
followed by one of more substantial increase. These trends are consistent with those

observed for adsorption in Figure 5.4.

As shown in Figure 5.6, no significant changes can be observed by varying the w/c
ratio in absence of PCE in agreement with the evolution of the heat rate (Figure 5.1).
This confirms that the delayed addition of the water dos not modify the hydration of

cement in the early stages.
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Figure 5.5: SSAger evolution by varying the polymer concentration for the polymers: (a)
2.5PMA1000, (b) 2.5PMA2000, and (c) 4.0PMA1000. The results are shown as the mean values
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visible because they are smaller than the data markers.

4.0
3.5
e &
= 3.0
T 25 & 2,
] [ ISR
< [ L
»
»w 20 ow/c=0.3
ow/c=0.3+0.194
1.5 w/c=0.3+0.22
w/c=0.3+0.25
1.0
0 50 100 150 200
Time [min]

Figure 5.6: SSAger evolution of reference pastes at different final w/c ratios. The results are
shown as the mean values and the standard deviation of the mean for nsampies = 3. The error bars are
included, but often not visible because they are smaller than the data markers.
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The initial mixing is very important since it is during that period that cement
undergoes a first substantial increase in SSAger, mainly due to the precipitation of
ettringite [9]. In this work, the initial SSAger typically increases from 1 m?/g to about
2 m?/g, with minor differences of SSAger values depending on the polymer dosage. A
similar trend has been recently presented in literature when studying the hydration
of a model cement. However, the absolute values were much larger [15,16]. This
might be due to the massive dosage of the C3A in the model cement used by those
authors (20%) in contrast with the moderate amount in the industrial cement used

here (about 6%).

We also note that, for a given polymer, the initial SSAger (measured after around 10
minutes from the beginning of hydration) decreases when the number of charges
introduced in the system is increased. This is evidenced in Figure 5.7 and confirms
the results obtained using small batches of cement paste (Chapter 3). It suggests that
the carboxylate groups have a blocking effect on hydration, either on the formation

of hydrates or on the opening of dissolution pits, or both.
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Figure 5.7: Relation between the number of charges introduced and the initial SSAger. The
results are shown as the mean values and the standard deviation of the mean with nsamples = 3. The
error bars are included, but often not visible because they are smaller than the data markers. The
discontinuous lines are polynomial fits serving as guide for the eye.
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5.3.4 Surface coverage

The surface coverage is a key parameter to take into account for the understanding
of the fluidity loss [123]. In fact, by decreasing this coverage, the number of contact

points among bare surfaces increases, leading to much higher cohesion forces.

In our case, the surface coverage is expected to change with time because of new
surfaces produced by hydration. As long as admixtures can adsorb on these surfaces,
the yield stress should barely change. In contrast, once polymer is no more available,

newly created surfaces should cause high increases in yield stress.

The surface coverage, Osp, represents the fraction of the surface covered by
adsorbed polymers with respect to the total surface. It can be calculated using the
adsorbed conformation model proposed by Flatt et al. [65] and an adsorption
measurement:

Ssp

Osp = Maasorbed " Na -
M,

(5.8)

where My 50rpeq 1S the polymer adsorption expressed mg/m? of dry cement, N4 the
Avogadro constant, Sgp the surface occupied by an adsorbed molecule expressed as
nm?/mol (Equation (2.7)), and My the molar mass in g/mol. The mass of the
adsorbed polymer, generally given in mg/gcement, is divided by SSAper to get

Maasorpeq 1N UNIts of mg/m?.

Literature data occasionally report adsorption measurements over time, but not
specific surface area of hydrating cements [69,293]. This might be due to the
numerous inconveniences coming from the sample preparation. In contrast to those
works, and using the methods developed in this thesis, Figure 5.8 shows the true

evolution of surface coverages.

It shows that, for the three studied polymers, the average surface coverage does not
significantly change over time. Also, for a given polymer, the initial surface coverage
increases by increasing the polymer dosage. This results mainly from an excess of
available polymer coupled with a decrease of the surface formed when the polymer

dosage is high (Figure 5.7).
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Figure 5.8: Surface coverage evolution for (a) 2.5PMA1000, (b) 2.5PMA2000 and (c)
4.0PMA1000 at different dosages. The mass of adsorbed polymer is divided by the total SSAger
measured at a given time. The dashed lines correspond to the onset time (tos) for a given
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As shown in Figure 5.8, the calculated surface coverages seem to be overestimated

since, at the highest dosage, they reach values up to 1.3 (30% excess). Therefore, it

appears that the model proposed to calculate the surface coverage (Equation (5.8))

does not fully describe the system. However, this only affects the absolute value of

surface coverage and not the conclusion concerning the low evolution of this

parameter over time.
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5.3.5 Relation between heat rate and SSAger

An important contribution of this thesis is to study flow loss in relation to changes in
specific surface area. Since the latter are driven by hydration, it makes sense to
study their quantitative relationship. As shown in Figure 5.9, we find that there is a

linear relation between the specific surface and the heat rate with and without PCEs.
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Figure 5.9: Relation between heat rate and SSAger after the onset: (a) with PCEs and (b)
without PCEs by varying the w/c ratio with a delayed addition of water.

The data reported in that figure are taken in the acceleration period after the onset
(a detailed determination of this onset is given in sections 5.4.4 and 5.5). In addition
to the linear relation, we note that the heat rate would be zero for a specific surface
area of about 1.46 m?/g and 1.58 m?/g with and without PCEs, respectively. These
values are higher than that of the dry cement (~1 m?/g) and lower than one of the
hydrated cement in the first minutes after contact with water (~2 m?/g). This means
that the extrapolated values are globally consistent with the formation process of

the initial hydrates.

5.3.6 Effect of volume fraction on yield stress

Hydration causes a change of the volume fraction of solids in cement paste, which
could affect the yield stress. For this we need a reliable description of how volume

fraction affects yield stress, as explained in section 5.2.2.7. This is difficult to achieve
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experimentally because of running either to segregation or pastes too thick to
measure. As explained in section 5.2.2.7, we dealt with this problem by measuring
spread diameter of a series of pastes, with each series having a different polymer
dosage. For each of these dosages, the volume fraction of cement was varied. Each

data series showed similar volume fraction dependencies.

Therefore, we could shift all yield stress data onto a master curve at the yield stress
level of cement paste without PCE. In accordance to Equation (5.9), the shifting
factors needed describe the yield stress ratio of each polymer and dosage to the

reference without PCE. This result is used in section 6.3.1.
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Figure 5.10: Relation between yield stress and volume fraction with the polymer 2.5PMA1000
initially dosed at 0.4, 0.8 and 2 mg/g. The exponential equation refers to the fit obtained for
the references pastes.

To illustrate this, we can see in Figure 5.10 that the dependence on volume fraction
is very similar for all dosages used. This is also valid for the other two polymers,
4.0PMA1000 and 2.5PMAZ2000. This supports the idea that the yield stress is a

separable function of volume fraction and interparticle forces.

After shifting all data onto the trend of the paste without PCE, we obtained Figure
5.11. This leads to a master curve suggesting that yield stress can be well fitted by an

exponential function of volume fraction:
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Tor = agexp(by) (5.9)
where ay and by are 4.22 x 10-* and 29.2820, respectively.
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Figure 5.11: Relation between yield stress and volume fraction after the shifting used to align
all yield stress data (n = 43), as shown in Figure 5.10, with the trend of the paste without PCE,
indicated as reference.

5.3.7 Effect of dosage on interparticle forces

From the above analysis, we take the multiplication factors used for each dosage to
create the master curve in Figure 5.11. Based on Equation (5.9), these “shifting
factors” should correspond to the ratio between the interparticle forces of the
cement pastes without and with PCE. We therefore refer to this as an “interparticle

force ratio”.

In Figure 5.12a and c, the interparticle force ratio values obtained from the factors in
Figure 5.11 are reported versus the dosage with filled symbols respectively for
2.5PM1000 and 4.0PMA1000. In both cases, the data are well fit by an exponential
function of dosage. However, this function does not have an intercept equal to one,
suggesting that some amount of polymer is lost by either a competition with other
ions present in the pore solution or a possible sequestration by aluminates hydrates

[5-8].
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The dosages used in these experiments are, however, very low due to the dilutions
used for the “shifting factor” experiments. We therefore decided to report additional
data points obtained at higher concentrations and at the volume fraction of 0.52
used for flow loss experiments for w/c = 0.3. For this, we used Equation (5.9) to get
the yield stress of the paste without PCE at that volume fraction. By dividing this by
the measured yield stresses with higher PCE dosages, we calculated additional

interparticle force ratios indicated as open symbols in Figure 5.12.

These additional data well align with the trends of 4.0PMA1000 (Figure 5.12c) when
plotted versus the initial dosage, but not for 2.5PMA1000 and 2.5PMA2000 (Figure
5.123, e). This is because the higher dosages of 2.5PMA1000 and 2.5PMA2000 are
already at the saturation plateau. Therefore, we reported the interparticle force
ratios in terms of adsorbed polymer (expressed as mg/m? of cement) at the time
when adsorption was measured. When reported in this way, an exponential function
fits very well all the data. We choose to express adsorption with respect to the
cement surface rather than its mass, because the surface will be changing over time
during hydration. Also, when reported in this way, data can be extremely well fit
with an exponential function, which is very convenient. However, here again the

intercepts are not 1, as shown in Figure 5.12b, d and f.

The exponential function can be then rewritten as follows:
Tor = agexp(by0) (5.10)

where agy and bg are obtained from Figure 5.12 and reported in Table 5.4 for the

three studied polymers.

Table 5.4: Fitting parameters agand byfrom shifting factor experiments expressed in mg/m2.

b
PCE type a 6
yp 0 [m?/mg]
2.5PMA1000 0.037 23.436
4.0PMA1000 0.210 15.669

2.5PMA2000 0.236 13.282
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5.4 Master curve of yield stress and heat rate

5.4.1 Basic observations

Experiments indicate that hydration kinetics measured by isothermal calorimetry

and the yield stress evolution are strongly correlated, as shown in Figure 5.13.
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Figure 5.13: Heat rate and yield stress evolution for an OPC paste with 2.5PMA2000 dosed at 2
mg/g: (a) Overall view, (b) zoom over the first 5 hours. The green-shaded area corresponds to
the period when the yield stress is roughly constant, whereas the orange-shaded area shows
the yield stress increasing exponentially with the heat rate.

This is most apparent when plotting the yield stress versus either the heat rate or
versus the cumulative heat released, as in Figure 5.14. Both representations show
two zones: in the first one, the yield stress is roughly constant (horizontal in the
green-shaded zone in Figure 5.13b), whereas it increases exponentially with both

heat rate or cumulated heat released in the second zone.

The point at which the two regimes intersect is defined as onset and the time when
this occurs is defined as tos. Beyond this, the fluidity is lost at a substantial rate. The
two arrows in Figure 5.14 a and b indicate the direction of increasing time for each
zone. They both go from left to right for cumulative heat (Figure 5.14a), but have
opposite directions in the plot of heat rate (Figure 5.14b). This is because the heat

rate first decreases and then increases (Figure 5.13a).
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A more careful analysis of the data shows that the best exponential fits are obtained
with the heat rate rather than the cumulative one. Therefore, in what follows, we

will mostly report yield stress versus heat rate.
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Figure 5.14: Graphical representation of the relation of yield stress versus (a) cumulative heat
and (b) heat rate. The used polymer is 2.5PMA2000 dosed at 2 mg/g. The arrows indicate the
time evolution.

5.4.2 From yield stress back to spread diameters

As explained above, we generally find that the exponential function of the heat rate

fits very well the yield stress:

dH
— . R (5.11)
TO,t T0’0 exp (u dt )

where u represents is the yield stress gain coefficient and 7, is the yield stress
extrapolated to dH /dt = 0.

As explained in section 5.2.2.2, we obtain yield stress from spread flow test using an

exponential function of the spread flow diameter D (5.3):

To = exp(b — aD) (5.3)

where a and b are constant values corresponding to 0.3480 and 7.9473,

respectively.
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Therefore, we write T,  as:
Too = exp(b — aDOIO) (5.12)

Equations (5.3), (5.11) and (5.12) can be combined to give the yield stress T, at

time t:

dH
exp(b—a-D;) =exp(b—a-Dyp) - exp (u : d_tt) (5.13)

where Doy is the spread diameter corresponding to the extrapolated yield stress t .
This gives the spread diameter D, at time ¢ as:

dH,
D, =Dnn—1+—0 (5.14)
t 00—V dt

with v being the rate of flow loss coefficient given by:

v= (5.15)

a
Equation (5.14) expresses the fact that, since the yield stress is an exponential

function of both the spread diameter and the heat rate, then a linear relation should

subsist between spread diameter and heat rate, as illustrated in Figure 5.15.

As shown in Figure 5.15, both D, ,, and therefore 7, are just extrapolated values,
which by themselves do not have a physical meaning, but are useful fitting
parameters to determine. In doing so, data points of spread diameters smaller than
6.5 cm - corresponding to high yield stresses — were generally excluded as they
tended to depart from the exponential fit. This may have a physical origin, but is
rather attributed to the lower accuracy of yield stress prediction for low spread
measurements. Additionally, for very large spreads, the contribution from the
surface tension to flow spreads is only the result of an approximation. Therefore,
here also the accuracy of the exponential relation between flow spread and yield

stress can be questioned. For transparency, the plot in Figure 5.15 and those ones in



Impact of PCEs on flow loss 141

section I1.3 show the data points used for the fits with filled symbols and the

excluded ones with open symbols.
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Figure 5.15: Graphical representation of spread diameters with respect to (a) cumulative heat
released or (b) heat rate. The polymer is 2.5PMA200 dosage at 2 mg/g. The intercept Dy o and
the slope v of the linear regression of D versus heat rate in the acceleration period are shown.
The arrows indicate the time evolution.

5.4.3 Parametric dependence of flow loss

In this section, we exploit Equation (5.14) to determine how flow loss is related to
the type and dosage of superplasticizers. Starting with D, o, in Figure 5.16a, we see
that values are roughly gathered into two groups according to the C/E ratio of the

polymers. However, there is no dependence of D, , on the side chain length or on
dosage Figure 5.16b. Therefore, in what follows, we use the notation Dg {)E rather

than D, , to indicate that we use a value of D, , that depends on C/E.

Based on Figure 5.16, the most appropriate data analysis of flow spread diameters
dH . : : .

versus d—lzls to force each linear regression through the corresponding average

intercept value DgéE (26.8 for C/E = 2.5 and 36.9 for C/E =4.0). This leads us to

revised values of v* in the following calculations.
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Figure 5.16: Correlation between Dy and (a) the polymer dosage, expressed as mg/g cement
for polymers with C/E ratios of 2.5 and 4.0. The dashed lines indicate the averaged Dy values
for the two series of data. Figure (b) shows the non-dependence of Dy¢on P.

Figure 5.17 shows that 1/v* increases linearly with polymer dosage and there is a
clear separation between polymers according to their C/E ratios. Very importantly

also, both lines share the intercept, 1/v;, which makes physical sense since this

would correspond to the value of 1/v* in absence of polymer.
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Figure 5.17: Relation between the modified rate of flow loss and the polymer dosage

An additional important observation from Figure 5.18 is that the slope of both

regressions is proportional to ¢/N where N = (C/E + 1), as indicated by Equation

(5.16):
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1 1 c
= (_* + eror ._> (5.16)

v* 2 N

where c is the dosage in mg/g of cement, eo7 is a fitting parameter and vy, would

express the rate of flow loss coefficient in absence of polymer.

Based on the above equation, 1/v* can be replotted versus c¢/N to give the master

curve shown in Figure 5.18.
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Figure 5.18: Relation between the modified rate of flow loss and N monomers in the backbone
for repeat unit and dosage.

Using Equations (5.15) and (5.16), the yield stress can be rewritten as follows:

a dH,
dt

(5.17)

To,t = To,0 " €XP 1 c
US TOT N

where a is the fitting parameter (from the adapted Equation (5.3)) equal to 0.3480,
1/vg and eror are 0.0024 and 0.0578, respectively, from Figure 5.18.

5.4.4 Determination of the parameters at the onset

Our data clearly show that there must be a moment during hydration when a real

change of regime occurs, probably caused by a critical event that leads to an
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acceleration of the hydration. We refer such a moment as onset and use the

subscript OS to refer to it.

At the onset, the yield stress can be expressed as follows:

a dH
To,05 = Too " €XP = dtos (5.18)
—+ £ 7
UO TOT N
The ratio between Equations (5.17) and (5.18) gives:
T a dH, dH
T "= exp ( dtt dfs) (5-19)
0,08 v + &ror N
where (ddHtt des) is the increase of the heat rate after the onset.

In order to assess the Validity of this equation, we need to estimate the yield stress

To,0s and the heat rate 220s dt S at the onset. We determine these parameters from the

values of D5 an

spread diameters versus heat rate (Figure 5.19).

In addition to the heat rate and the yield stress at the onset, we wish to determine
the exact time of the onset (tos), which is a more delicate step. Indeed, it would a

priori be useful to use the continuous calorimetric measurement to identify that
time when the value of 225 dt $ occurs. Unfortunately, around the onset, portlandite
may nucleate causing a non-monotonic evaluation of the heat rate as shown in

Figure 5.13b. This means that the value of 222

short period, but only one of these times corresponds to the real onset. We resolved

this issue using linear fits of the spread diameter versus time to extrapolate t,g in

correspondence to D, obtained from Figure 5.19b.

dHOS

The combination of values of Dy, 74 o5, —, and t, o5 obtained are summarized in

Table 5.5.
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Figure 5.19: Relation between the spread diameter and the heat rate for an OPC paste with the
polymer 2.5PMA2000 initially dosed at 2 mg/g of cement. The zoomed area in (b) shows the
diameter (Dos) and (dHps/dt) at the onset, both obtained at the intersection of the two regime
curves. The empty symbol in (a) at very small spread flow was excluded from the fit

Table 5.5: Summary of the main parameters at the onset point. The heat rate and the diameter
at the onset were extrapolated at the intersection of the two regime curves, as shown in Figure
5.19. The yield stress was calculated by using the updated version of the Equation (5.3). tos is
extrapolated by the linear fit of spread diameter versus time in correspondence of Dos.

PCE
D dHOS/dt Dos To tos
osage .
Type mW /g cement] [cm] [Pa] [min]

YP€  Img/g) [mW/Bcomend

2 0.32 17.2 7.1 183
2.5PMA1000 3 0.31 21.3 1.7 265
4 0.30 22.7 1.1 337
2 0.44 13.7 249 135
2.5PMA2000 3 0.41 18.0 5.4 171
4 0.39 21.0 19 222
1.78 0.45 13.1 29.6 88

2.5PMA5000
2.67 0.38 220 1.3 106
1 0.31 143 194 159
4.0PMA1000 1.25 0.23 20.5 2.2 175
1.5 0.23 220 1.3 235
1 0.41 13.5 26.0 105

4.0PMA2000
1.5 0.35 203 24 172
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5.4.5 Master curve

From Equation (5.19), we expect a linear relation between the normalized yield
stress and the increase of heat rate after the onset. This relation is verified as shown
in Figure 5.20. Also, we can see that the slopes in these semi-logarithmic plots

depend both on polymer structure and type. Equation (5.19) predicts that this slope

should be (% + &ror %)

To verify this, we report the normalized yield stress versus its value as predicted by
Equation (5.19). To distribute relative errors equally over the large range of values,
Figure 5.21 reports the natural logarithm of each of these expressions of yield stress.
This shows that the 61 data points are very well correlated, with R? of 0.88 and a

slope of 0.99 (discontinuous line).

This very good correlation shows that Equation (5.19) well captures the dependence
of yield stress increase in relation to polymer structure and dosage. More
specifically, it takes into account the change of the yield stress normalized with
respect to its value at the onset. Values at the onset are therefore needed if absolute
changes need to be determined. However, for relative changes, Equation (5.19) is

sufficient.

5.4.6 Relation between hydration kinetics and surface area
evolution

The relation between yield stress and heat rate is not necessarily intuitive. Rather, a
relation to specific surface might appear more natural for yield stress that depends
on cohesion forces between particles. Therefore, we examine whether there is a

relation between heat rate and specific surface.
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Figure 5.21: Master curve showing the dependence of the normalized yield stress and the
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Figure 5.22: Increase of the heat rate in relation to the increase of the SSAger after the onset:
(a) for plain mixes and (b) with PCEs.

As shown in Figure 5.22, there is indeed such a relation with and without PCE. This
is shown for three polymers, for a total of seven dosages, and four mixes without

PCE.

The data points look more scattered at low values. However, in those cases the

estimation of the parameters of the onset were more delicate. In particular, at low
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dHops

dosages of PCE and in absence of polymer both and SSA,s have been

extrapolated taking the same t,¢ from Figure 5.24b.

The slope of this linear relation with PCE is almost half of that obtained from the
reference mixes, showing how PCEs slow down the dissolution, which, in turn, leads

to an inhibition of the growth of the specific surface.

Importantly, Figure 5.22b also shows that this relation does not depend on polymer
type or dosage. This observation could be accounted for both by boundary
nucleation and growth or dissolution [38-40,45,46]. In any of these cases, we will
however consider that we have the following general relation:

at  dt Ysp(SSA; — SSAps) (5-20)

where (SSA; — SSAys) is the increase of SSAger after the onset, ysp (in mW/m?) is
the slope from Figure 5.22b (0.382 mW/m? from our experiments). Therefore,

Equation (5.19) can be rewritten as:

To,t

a
= exp ﬁySP(SSAt — SSAps) (5-21)
Vo T Eror 7

To,0s
The proportionality between the change of heat rate and of specific surface area
means that Equations (5.19) and (5.21) should fit the data in a similar manner. By
looking at the two plots in Figure 5.23, in which the same original data points are

taken, the fits are indeed of comparable quality.

The slightly larger scatter for specific surface data points and deviation from the
origin can be attributed to experimental errors. However, this does not indicate
whether increases in both heat rate or specific surface area trigger the change in
yield stress. In our opinion, it is rather the specific surface area that should be
considered and, therefore, this is the case we will discuss from here on from a

theoretical point of view.
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Figure 5.23: Relation between yield stress and (a) increase of surface area and (b) increase of
heat rate accounting for the dependency of the parameter u on the polymer dosage and
structure.

5.5 Time of onset (start of rapid flow loss)

We defined as onset the moment when the yield stress starts to increase
exponentially with the heat rate (Figure 5.14). This corresponds to the take-off of
the acceleration period and would indicate de facto the duration of the induction

period shown in the calorimetric curve.

In section 5.4.4, we explained how the time of the onset was determined. As shown
in Figure 5.24, this time linearly increases with the number of charges introduced in

the system.

This linearity resembles the case of delayed addition recently reported for a model
cement by Marchon et al. [15,16]. However, here the slope of this regression is the
same for all polymers and does not show a dependence on C/E. This difference may
be due to the fact that the polymers used in the present work were produced by
copolymerization rather than grafting. Alternatively, it could be due to the fact that
experiments were carried out in direct rather than indirect addition. The fact that
there is no apparent “lost polymer”, as in the case of direct addition by Marchon et
al, suggests that the amount of polymer “consumed” by aluminates is very low, when

compared to the used dosages.



Impact of PCEs on flow loss 151

350 2
N C) (b)
300 g
l
250 . 5
Ld S
= 200 = y=32.03x+66.66 E
£ -
£ n N R2=0.96 o1
2 150 R <
S A =
o —wic =0.3+0.194
100 ™ T
. —w/c=0.3+0.2
50 . ref _
tos wic=0.3+0.25
0 0 :
0 2 4 6 8 10 0 1 2 3 4
Added charges [umolig] Time [hours]

Figure 5.24: (a) Linear correlation between t,s and number of charges added. The
extrapolation of the time at the intercept corresponds to the time at the onset in absence of
PCEs; (b) calorimetric test for plain mixes in the first hours of hydration in which the
discontinuous line represents the estimated tos/.

The intercept from the linear regression corresponds to the time at the onset in

absence of polymer, /. As shown from the calorimetric curve in Figure 5.24b, this
value is considered a good estimation because it occurs when portlandite

precipitates, at the transition between the induction and the acceleration period.
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Figure 5.25: Time at the onset in relation to the portlandite (CH) precipitation, as identified by
isothermal calorimetry by varying the number of added charges.
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Very interestingly, the occurrence of the onset seems to be independent of the time
when the portlandite precipitates. Indeed, Figure 5.25 shows that, for a low amount
of charges, the onset occurs before the portlandite precipitation, whereas for a large

number of charges the onset starts after portlandite precipitation.

5.6 Behaviour without PCE

Because of the clear change of regime at the onset, it makes sense to compare our

. - : dH
data with respect to characteristic parameters of this onset, namely D,g and dos.

We use D, to determine the yield stress at the onset, 7,s. Afterwards, we normalize

the yield stresses with respect to it. Those values are then reported with respect to
: dH; dH : :

the increase of heat rate after the onset, d—tt - 7"5. Figure 5.26 shows that this leads

to an exponential relation that is virtually identical for the three cement pastes

considered.
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Figure 5.26: Normalized yield stress in relation to the increase of the heat rate after the onset
without PCEs for three plain mixes having different final w/c ratio.

As a reminder, these three pastes were prepared by delaying addition of the extra
water. The cement pastes were first prepared at the same w/c ratio, so that the

initial dissolution of cementitious phases, surface roughening and opening of etch
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pits would be identical. Adding water later leads to pastes that should have very
similar hydration kinetics, which must contribute to the results in Figure 5.26.The
factor of the exponential function corresponds to what we defined in section 5.4.2 as
u = v - a. More specifically, v is the rate of flow loss coefficient, which Figure 5.26
suggests to be 3.74 in absence of polymer. This is more than 100 times smaller than
the value of 416 found for v, from Figure 5.18 by extrapolation from experiments in
presence of PCEs at w/c of 0.3. This big difference in the flow loss coefficient in “true
absence of polymer” and in “extrapolated absence of polymer” means that the
presence of the PCE is somehow making the cement pastes substantially more
susceptible to the forming hydrates. As it will be discussed in the next chapter, this
could be due to polymers promoting homogeneous rather than heterogeneous

nucleation.

5.7 Conclusions

The main objective of this thesis is to explain and quantify the reasons of the fluidity
loss of superplasticized cement pastes in relation to the dosage and molecular
structure of PCEs. This issue is comparatively much less studied in the literature

than effects of PCEs on the initial dispersion.

In this chapter, we quantitatively established a strong correlation between yield
stress evolution and hydration kinetics. In contrast to the present theories by which
flow loss is linked to the increased number of formed hydrates, we demonstrated
that it is rather the heat rate that appears to modulate the fluidity after the onset
(Figure 5.21). In fact, this probably hides the fact that it is the surface of hydrates
that controls this evolution (Figure 5.23), since we also proved that - after the onset
- hydration rate and specific surface change are proportional one to the other

(Figure 5.22).

Our results show a rather minor evolution of yield stress during an “induction
period”, of which the duration depends on the number of charged functional groups

from the dosed polymer (Figure 5.26). We could identify and quantify a clear
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transition from this “induction” period to an “acceleration” period taking place at a
time we defined as “onset”. This marks the start of a completely new process,
characterized by an exponential growth of the yield stress with the heat rate (and

the specific surface).

Besides, we were able to rationalize our data with a master curve showing a linear

relation between the normalized yield stress and the increase of heat rate after the

dH;

d . . : o
onset, — = — %. This master curve is obtained by multiplying that heat rate change

(and the specific surface area, SSA; — SSA,s) by a factor that depends both on
polymer structure and dosage, (vi + &1oT %) Such a curve works well in presence of
0

PCEs. However, it seems to fail in absence of PCEs. A more comprehensive analysis
of these results is developed in the next chapter, with the main focus of explaining

the meaning of the master curves presented in Figure 5.21 and Figure 5.23.



Chapter 6

Physical interpretation of the
origin of flow loss and its
master curve

The content of this chapter is presently not included in any publication or draft
publication. However, in combination with the content of Chapter 5, these will be the

main topic of a peer-reviewed ISI journal paper.
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6.1 Introduction

The aim of this chapter is to explain the master curve shown in the previous chapter
(Figure 5.22 and Figure 5.24). In doing so, we systematically analyse the effect of
different factors that might be at the origin of the yield stress increase after the

onset.

Firstly, it is worth recalling that two different languages are found, when talking
about fluidity of cementitious materials. The first one is based on industrial and
engineering practice. It derived from pragmatic tests, mainly comparative, for
example, slump, slump flow and setting time. The second perspective has a physical
basis and uses a vocabulary based on the intrinsic properties of the material, such as

yield stress, plastic viscosity and apparent viscosity.

As explained in section 5.2.2.2, there are cases when the outcome of a pragmatic test
can be converted to a physical property using analytical solutions and assessing its
physical conditions of the test. This is the case for spread flow tests that have been
used in the previous chapter to determine the yield stress of our cement pastes and
are further analysed in this chapter. It is worth to underline that our analysis does
not consider variations of plastic viscosity or other properties such as thixotropy.

Such properties would have indeed required other types of measurements.

Our focus is on the yield stress and its evolution. The latter is, in fact, the parameter
of major interest when comparing the performances of PCE polymers in cement
pastes. It has recently been demonstrated that the addition of PCEs can also
influence the plastic viscosity (more precisely, the residual viscosity) of cement
mixes by the modification of the interstitial fluidity due to the presence of non-
adsorbed polymers [137]. However, its macroscopic impact on the global fluidity of
hydrating cementitious systems is less obvious and, therefore, we do not take it into
consideration. Therefore, in the present work, the terms of fluidity and fluidity loss

exclusively refer to the yield stress and its evolution.
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6.2 Relation between increase in yield stress
and hydration

Hydration is believed to be at the origin of the fluidity loss when the mixing energy
becomes insufficient to break the interparticle connections [107,149,150]. However,
the relationship between hydration kinetics and fluidity loss has not yet been

systematically investigated, even less in presence of PCEs.

The results presented in the previous chapter identify two distinct periods of yield
stress evolution in presence of PCEs and a clear transition between them defined as
onset. The first period consists of a low and roughly linear evolution of yield stress,
while the second period shows a strong and exponential growth of yield stress with
heat rate. Both periods and the onset are separately discussed in the following

sections.

6.1.1 Induction period or constant regime

Yield stress has been considered to increase linearly with time due to a constant
formation of C-S-H bridges during the induction period [104,107,117,152,294].
Roussel [117,294] defined the constant rate for increase of yield stress to during a

resting time tres: as flocculation rate, Aix:

Tot _ g 4 Arnix, (6.1)

To,0 To,0
While this equation describes an evolution of the yield stress at rest, the procedure
in our experiments “refreshes” the cement paste, by remixing it with an equivalent
intensity (at least the same mixing rate and duration for all the samples) before
spread measurements. Because of this, we neglect the thixotropic effects and only

look at the impact of hydration reactions.

Figure 6.1 shows the evolution of the normalized yield stress according to Equation
(6.1) and with respect to both heat rate and cumulative heat before the onset for

seven mixes using three different PCEs.
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Figure 6.1: Relation between normalized yield stress and (a) heat rate, (b) cumulative heat,
and (c) specific surface area before the onset. The cumulative heat is calculated subtracting
the heat of the first 40 minutes during which the system needs to equilibrate. Arrows show
the direction of time in the upper two plots. The discontinuous lines are drawn as a guide for
the eye.

In any event, it is questionable how a reversible process (thixotropy of the system)
might be related to an irreversible one (hydration reactions). At best, one could
argue that the formation of nuclei compensates for the lack of Brownian motion of
large cement particles and helps creating interparticle bonds that would otherwise
take much longer to form. Any data showing a dependence of Awmix on the progress of
hydration should therefore be critically evaluated before the onset. This topic is

worth further investigation, but is outside of the scope of this work.

During the induction period, various factors affect the yield stress, such as particle
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size distribution, polymer type and dosage. Specific surface area also plays a role,
but as shown in Figure 6.1c, it cannot account alone for the effect of different
polymer structures and dosages on the yield stress of a given cement. Also, we note
that in the induction period the specific surface area remains rather constant and is
not dependent on heat rate as shown in Figure 6.2. However, its evolution becomes

relevant after the onset.
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Figure 6.2: Relation between SSAger and heat rate before the onset, both before the onset,
for 13 mixes prepared using five PCEs having different molecular structure.

6.1.2 Onset or transition point

We defined the point after which the yield stress deviates from the linearity and
starts to increase exponentially with the heat rate in an irreversible way as onset.
This corresponds to the take-off of the acceleration period and would de facto

indicate the duration of the induction period shown in the calorimetric curve.

The timing of the occurrence of the onset is linked to the retarding effect of PCEs. In
this context, it was recently reported that in direct addition, a critical PCE
concentration can be derived, after which the retardation, At, increases linearly with
the dosed charges [15,16]. In contrast, the onset time is purely proportional to the

dosed charges, something that the Marchon et al. had only observed in delayed
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addition.

Portlandite nucleation and precipitation have been suggested as a possible trigger
for the accelerated hydration rate [48,49]. It is very often observed as a small bump
in calorimetric curves at the end of the induction period [47,48], However, while
portlandite precipitation might be conceivable to explain the beginning of the
acceleration period in plain mixes where the induction period is extremely short,
this seems to be unrelated from the onset in presence of PCEs. Indeed, we evidence
that the onset point can appear even several hours after the portlandite
precipitation when high polymer dosages are used (as shown in Figure 5.26 in terms
of dosed ionic groups). We infer therefore that the transition between the induction
and the acceleration periods might be controlled by the initiation of nucleation and

growth control or by the ending dissolution inhibition (see section 6.4.2).

6.1.3 Acceleration period or exponential regime

Various authors have reported an exponential increase of the yield stress over time
[152-156]. In many cases, there is no clear distinction between the induction period
and the acceleration period, but an attempt to describe the overall evolution by a
single expression. For example, Perrot et al. [295] recently proposed the following
expression for the normalized yield stress as:

Tor  Athix

To,0 To,0

to (et — 1) +1 (6.2)

where t, is a fitting parameter defined as characteristic time.

Linearization of the above equation for short times (typically in the range of few
seconds [107]) leads to Equation (6.1). In the induction period, we evidence that
hydration does not lead to irreversible changes and, therefore, the above equation
must relate to thixotropy. However, after the onset, the exponential increase of the

yield stress with respect to the heat rate describes an irreversible change. The
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intermixing of these two phenomena (reversible and irreversible ones) in a single

equation, therefore, may fit data well, but cannot provide physical insight.

Most of the data analysis reported in the literature attempts to directly express yield
stress as a function of time. In this work, we try to relate the yield stress evolution to
changes in physical properties of interest, such as specific surface area or
adsorption. In doing so, we do not have to make a hypothesis about the effect of

PCEs on hydration kinetics, but rather to characterize the consequence it has.

Also, our data analysis specifically focuses on changes at the take-off of the
acceleration period. The advantage in studying superplasticized pastes is that a very
clear transition from one regime to another can be detected. An important
observation is that data in the acceleration period cannot be adequately fit by
superposing two processes that would both take place over the whole course of
hydration. Rather, after the onset, the yield stress seems to be amplified by
hydration in a way and to an extent that does not occur before. From this
perspective, it only makes sense to discuss our data by including the notion of onset.
This marks a very clear difference with the existing literature and highlights the

originality of the present work.

6.2 Effect of PCEs on hydration and SSAger at
the onset

As recently demonstrated by several authors [15,61,177], PCEs preferentially block
highly reactive surfaces, characterized by defects in form of kinks and etch pits,
limiting the step retreat process. We confirm this theory on the basis of two

independent considerations.

Firstly, from Table 5.5 we notice that, for a given polymer, the heat rate at the onset
decreases by increasing the number of charges. This confirms that PCEs slow down

the dissolution of cement phases in relation to their molecular structure [15].

Secondly, the initial SSAger decreases when the polymer dosage is increased, as
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shown in Figure 5.7. This suggests that PCEs block the opening of etch pits and
roughening of the cement grains more than promoting the nucleation of ettringite.
Therefore, it seems that our PCEs adsorb both on ettringite and silicates from the
beginning of the hydration. This contrasts with the study by Marchon et al., who
found, in a model cement and direct addition, that at low dosages polymers are fully
mobilized on ettringite [15,16]. On that basis, they considered the specific surface of
hydrates formed as the surface on which polymers adsorb. In our case, however, it is

more appropriate to consider that adsorption takes place on all cement phases.

6.3 Factors of influence in the increase of the
yield stress

We present a general expression postulating that yield stress is a separable function
of volume fraction, g(¢), particle size, f (a), and interparticle forces, F. Here, we use
the interparticle force parameter, G, which is independent of particle size. It is an
interparticle force normalized by the particle size. The particle size dependence of F

is included in f(a), along with other particle size effects on yield stress [126,127]:

TG f(a) g(P) (6.3)
Taking the ratio of values at time t and at the onset, we get:

Tot Gt . f(ay) . 9(be)

= (6.4)
Toos Gos f(aos) g(dos)

So, the normalized yield stress changes as a product of three ratios that we can try to

determine separately.

6.3.1 Role of volume fraction

Based on what already described in section 5.3.6, we consider that yield stress is an

exponential function of volume fraction as defined in Equation (5.9). Substitution
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into Equation (6.4), for otherwise constant interparticle forces and particle

sizes gives:

To,t

= exp|bg(d: — dos)] (6.5)

To,0s

where ¢, and ¢,s are the volume fractions of solid at time ¢ and at the onset,

respectively.

This equation predicts the change of yield stress that would result only from a
change in the degree of hydration. To check whether such an effect can explain our
experimental observation, we need to estimate the dependency of the solid volume
fraction on the degree of hydration. For simplicity, we consider that from each unit
volume of cement reacted, two volumes of hydrates are produced. Under these
conditions, the solid volume at a given point in time, Vs, depends on the initial
volume of solids, Vs s, and on the increase in degree of hydration after the onset,

Aa:
VS,t = VS,OS(l + Aa) (6.6)

Also, if shrinkage is neglected, the total volume at any time, V; ,, remains equal to the
total volume at the onset Vr o5. So, the volume fraction of solid at any time t is given
by:

Vst Vsos
Vre  Vros

o (14 Aa) = ¢pys(1 + A) (6.7)

The change in volume fraction with respect to the onset needed for (6.5) is then:

bt — dos = PosAa (6.8)

Therefore, substituting Equation (6.8) in (6.5), the normalized yield stress should

have the following relation to changes in volume fraction due to hydration:
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To,t
To,0s

= exp(byposia) (6.9)

To verify Equation (6.9), for a given polymer and dosage, we take the parameters at
time t at constant spread diameter of 10 cm, corresponding to a yield stress of 87.1
Pa. The incremental degree of hydration is estimated from the cumulative heat, Q,

curve as:

Aa = Qc = Qos (6.10)

Qfinal

with Qfinq; being the cumulative heat measured after seven days corresponding to

320 ]/g cement.

The degree of hydration, calculated as ayg = Qos Qinat is independent of the

addition of PCEs with one point out linearity (Figure 6.3a). However, this suspected
value is omitted from the linear regression, according to the estimation for each
point of Cook’s distance [236]. This roughly constant degree of hydration increases

after the onset depending on the dosed charges as shown in (Figure 6.3b).
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Figure 6.3: Effect of the added charges: a) on the degree of hydration aps and b) on the
increase of the degree of hydration, Ac, considering the side chain length expressed as P. The
empty symbol in Figure (a) represents the outlier in the linear regression.

Considering an incremental degree of hydration of about 1% after the onset (Figure

6.3b), by of 29.2820 from Figure 5.11, and ¢ the volume fraction of 0.52 for w/c =
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0.3, we can show that the volume fraction contributes to less than 5% in the change
of yield stress after the onset. This is completely negligible when one considers the
change of the yield stress measured experimentally. However, the contribution of
the volume fraction can account for to 40% of the increase of yield stress by

drastically decreasing the polymer dosage.

6.3.2 Role of surface coverage

As described in Equation (6.3), the yield stress is a function of the interparticle
forces between cement particles. The average maximum attractive force between
two particles can be estimated by assuming a statistical distribution of contact
points between bare cement and polymer-coated particles [128]. The maximum
value of the interparticle force parameter is then:

62 6(1—-0) (1-06)>

v (6.11)
Gmax % 57 ¥ 8 5 T a2 T o2

where 8 is the surface coverage, §p is the adsorbed layer thickness at full coverage
and §, is the semi-minimum separation distance between bare cement particles. The
first term describes contacts between surfaces that are both coated with
superplasticizers. The second relates to contacts in which one surface is coated and

the other not. Finally, the last term refers to the force between two bare surfaces.

In the limit of full surface coverage, changes in G,,,, are dominated by the first term

according to:

92

il (6.12)
65

lim Gy x

-1
Assuming that the onset occurs at a high surface coverage, then there is a period of
time during which the relative yield stress change due to modifications of surface

coverage would be written from Equation (6.4) as:
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2
Tor . G (i) (6.13)

To,os Gos Bos

We note that the above assumption of full surface coverage is only strictly valid for
the highest dosages for 2.5PMA1000 and 4.0PMA1000. Otherwise, at lowest
dosages, the contribution of the partially uncoated particles (second and third terms

of Equation (6.11)) cannot be neglected. In such cases, we have:

6. -6, (- 0.)°

0, 5\ 2
1+ )2 %
1+ 6P) (SP)

1
G, < — |62 +8
5P

(6.14)
For those cases in which the onset occurs at a high surface coverage, Equation (6.12)

gives:

005 6.15
Gos (6.15)

“ —_—
Sp
Taking the ratio of the two above equations, we get an improved expression of the

impact of surface coverage change on yield stress with respect to the one in

Equation (6.13):

1 0,(1—-06 1-6,)?

— x—|0% +8 o 5 t)+( 5 2) (6.16)
14522 %
( +5P) (513)

To evaluate this expression, we used §, equal to 0.8 nm [296] and 6, of 2.86, 2.78
and 4.58 nm for 2.5PMA1000, 4.0PMA1000 and 2.5PMA2000, respectively, as
calculated from Equation (2.6) [65].

The more delicate part concerns the determination of 6, the fraction of the surface
covered by the polymer. Unfortunately, there are not fully satisfying solutions for
this. One approach relies on the adsorption conformation model, used in Equation
(5.8), where the covered surface is calculated from the adsorbed mass on the surface
occupied by an adsorbed polymer. While this model seems to catch the effect of the
molecular structure parameter on the adsorbed conformation, its inaccuracies are

problematic in the present case. In fact, in some cases, it leads to surface coverages
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higher than one (for high polymer dosages corresponding to the plateau in the
adsorption isotherms, see section II.2). Consequently, the second and third terms of
Equation (6.16) give negative values and contributes to inaccurate predictions. In
those specific cases, for which adsorption data were available, we use the highest
adsorption concentration to calculate the maximum possible surface coverage and,
then, rescale all the data for that polymer. In essence, this means that 8 values

calculated by Equation (5.8) are divided by the 6,,,,, obtained for each polymer.

A similar rescaling could be done in a more reliable way if the highest dosage
reaches the adsorption plateau. However, even the surface coverage is not
necessarily well estimated. Indeed, the adsorption of PCEs can be perturbed by the
competition with sulfate ions present in solution [76,93]. In addition, the plateau
might not be even reached - as for the studied polymer 4.0PMA1000 - due to a
possible precipitation of organo-mineral phases [6,96]. A separate issue can occur
with polymers reaching the plateau, but giving surface coverages lower than one
because of inaccuracies of the model. In such cases, the adsorption isotherms may

help to correct for this with similar limitations as mentioned above.

An alternative way to express the dependency of yield stress on surface coverage is
based on the shifting factor approach presented in section 5.3.7. There, we reported
an exponential decrease of yield stress in relation to adsorption at the beginning of
hydration (Figure 5.12). More specifically, this relation is best used if adsorption is

expressed with respect to the surface of hydrating cement rather than to its mass:

mads
A= "5P 6.17
SSA ( )

cement

When trying to predict flow loss, this parameter will vary in relation to changes in
the specific surface. Therefore, it is necessary to predict the amount of polymer

adsorbed for a given dosage and a changing surface.

To do this, we have examined closer the adsorption isotherms of these polymers. In
particular, we find that that these can be fitted considering that there is a first step
of complete adsorption. In this regime, the polymer concentration in solution

remains zero, but adsorption increases with dosage. Beyond a certain adsorption
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level, defined as A, some polymer remains in solution. From this point on and until

the plateau, the increased adsorption can be fitted by a Langmuir isotherm:

ax

6.18
1+ bx ( )

AA =

where x the polymer concentration in solution. 44 is the increased adsorption

expressed as:
AA = A - Ay (6.19)
To determine A, a and b, we linearize the Langmuir adsorption model as follows:

(6.20)

1

AA *

R|m=
QT

Q|

We plot A—lA against i and look for the best linear fit by adjusting 4.

Based on the relation between adsorption at different times with changes in SSAger,

the increase of the yield stress from Equation (5.10) can be estimated as:

To,t

T = exp [_bH (At,calc - AOS,calc)] (6.21)
0,08

This relation works at its best when experimental data for adsorption are not
available either at time t or at the onset, or in neither. In cases when adsorption data
is available, predictions from Equation (6.21) can be compared to those obtained

using experimental values of A:

To,t

T = exp[_bB(At,exp - AOS,exp)] (6.22)
0,0S

Figure 6.4 shows the individual contribution of the surface coverage change
calculated according to Equations (6.16), (6.21), and (6.22). The dashed line
represents a 1:1 relation between the calculated and the experimental normalized

yield stress.

A first comment on Figure 6.4 is that predictions based on Equation (6.16) evolve

rather independently of the experimental values. This is because the surface
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coverage does not change more than 5-15% after the onset (see Figure 5.8) and that
Equation (6.16) has a too low dependence on this to account for the very important

associated yield stress changes.

This inconvenience could be overcome by using the principle of the shifting factor
experiment. In fact, this showed that an exponential dependence of yield stress on
surface coverage should be expected. Also, results from Equation (6.22) seem to
capture better the trend of yield stress changes. Similar results are obtained when
Equation (6.21) is used and calculated rather than measured adsorption values are
used. The major deviation is noticed for the highest dosage of the polymer

4.0PMA1000, as indicated by the arrow in Figure 6.4.
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Figure 6.4: Individual contribution of the surface coverage to the change in yield stress after
the onset calculated according to Equations (6.16) based on forces calculation (grey
triangles), Equations (6.21) (blue circles) and (6.22) (red squares) based on the shifting factor
experiments. The arrow indicates the difference between the calculated and experimental
surface coverage contributions from Equations (6.21) and (6.22) for the 4.0PMA1000 dosed at
1.5 mg/g.

6.3.3 Role of change in particle size and SSA

The next topic to analyse is the dependence of the normalized yield stress on

particle size. This relates both to the number of contacts points between particles
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and the interparticle force. As a reminder, the combined dependence of yield stress

on particle size is included in f(a) (see first paragraph in section 6.3).

To estimate f(a), we use the relation by Zhou et al. [124] that claims that the yield
stress scales as the inverse square of the surface average diameter. In the Yodel
model [126,127], the problem is more complex because the contact curvature and
contact points among particles would also change. Therefore, for simplicity we
consider the approach by Zhou et al. and need to express how the surface average

particle size changes as cement hydrates. The surface average diameter, d;, is given

(6.23)

where x,; = ' /5. is the volume fraction ratio of particles of diameter d;.
L

Let us consider that after the onset we have a mixture of two type of particles. The
first ones are anhydrous cement particles and their size is not supposed to change in
the extend of hydration considered. The second type are hydrates, mainly C-S-H, that
are much smaller. The amount of both particles changes in the course of hydration.
We note the respective diameters of these particles as d;and d, to rewrite the above
equation as:

1 dyd, d,

Xor L L=y dyxy +di(L—xy,) 4 d, (6.24)
dy " d, ’ ’ d, +x,,1( )

ds =

where x,,; is the volume fraction of large particles among all particles and (1 — x,,1)

the volume fraction of hydrates, also taken with respect to all particles.
Since d; > d,,

d, d,

dg = =
d — (6.25)
Fa-xy 7%

The volume fraction of large particles x,, can be expressed as:
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X — Vl ~ Vos(l - A(Z) — 1 - Aa
LTV 4V, T Vos(T+Aa) 14 Aa

(6.26)

where Aa is the incremental degree of hydration after the onset at time ¢, Vs the
volume of the anhydrous particles at the onset, V; the volume of anhydrous particles
after a given t of hydration, and V, the volume of hydrates. In Equation (6.6), it is
assumed that for one unit volume of reacted cement, there are two unit volumes of

hydrates produced.
The substitution of Equation (6.26) in (6.25) would give:

(1+ Aa)
2Ax

dS = dz (6'27)

A more general expression is obtained by substituting (6.26) in (6.24) gives:

ds 1
- = = (6.28)
“ %+(}+ﬁg)( _%)

As presented in the Yodel model [126,127] and by Zhou et al. [124], yield stress goes
as the inverse second power of the average particle size. So, it makes sense to first

report the inverse of the above equation:

di_ i (1 - A“) (1 _ ﬂ) (6.29)
ds d,  \1+Aa d,

What we measure in our experiments is specific surface areas, that can be related to
a change in the relative population of two particles of different sizes. Specifically, the
specific surface of a mixture of two types of spherical particles (anhydrous and

hydrates) is given by:

2 2
d
554 = M+ namdy (6.30)
m; +m,

The number of particles n is given by the ratio between the total volume of particles

of a given size by the volume of a single particle of that size. With this, SSA is:
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Vos(1— A 2 Vs
Yos(1 = 8) 2 4 2Vosha 1 2 (1-4a) , 24a
cqo 6% 5 i dy d, (6.31)
Vosp1(1 = Aa) + Vosp,(28a) p1 (1 — Aa + Z%Aa)
1

where p, is density of anhydrous cement and p, the density of C-S-H, corresponding
to 3.15 g/cm3 and 1.91 g/cm3, respectively [297]. Rearranging the above equation,
we get:

dy
6 [1—Aa+2 TZAa

(6.32)
prda\ 1- A +25%Aa
1

SSA =

Considering that at the onset, A« is close to zero, SSA,s can be approximated as:

6
SSAps = —— (6.33)
08 p1d,

This means that a change in specific surface area with 0 < Aa < 1 gives:

1—Aa+2Aa%
2

ASSA = by 1 (6.34)
dip1\ 1 - Aa + 2002
P1
with ASSA = SSA; — SSAys.
This can be rewritten as:
12 A 40
a
ASSA = d2_p1 (6:35)

dipr \ 1 - Aa + 200”2
P1

Taking the ratio of Equations (6.35) and (6.33), we have:

ASSA ﬂ —
= 2Aa d P 5 (6.36)
S$S5Aps 1—Aa + ZAap—z
1

Since o K 1:
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ASSA [ P2 ASSA
di _ SSAps (1~ Aa+ 20 pl) p2 _ SShos , p2 (6.37)
d, 2Aa p1 20a  py

We note that the calculated ratio dl/ d, depends on the presence of the polymer, as
shown in Figure 6.5. More specifically, it linearly relates to the number of added
polymer charges, although data mainly show a cloud of points with dl/ d, between 8

and 16, with one point a bit further away. It is worth specifying that the point at the

highest added charges has been confirmed by an additional repetition of the test.

To evaluate a possible impact of the polymer on the hydrate size, we must first get
the value of d; as a BET particle size. We calculated that the SSAger particle size for
the unreacted cement, d,, from Equation (6.33), is 0.84 + 0.05 pm (Nmixes = 10). This
is an averaged value obtained from a broad range of polymer type and dosage. It

also includes the data from the tests without PCE at final w/c ratios of 0.52 and 0.55.

Based on the dl/ dzvalues reported in Figure 6.5, we find that the average hydrate

particle size, dz, would range between 59 and 110 nm (nmixes = 8). This suspect value
is omitted from the linear regression, according to the estimation for each point of

Cook’s distance [236].

To evaluate this size in absence of PCEs, we tentatively use the ordinate at the origin
of the linear regression in Figure 6.5. This suggests that in absence of polymer, the
average particle diameter of the hydrates would be 128 nm. This value is slightly
lower than the one obtained from two independent tests performed without PCE
and for which we obtained a size of 139 nm as BET particle size for the hydrates

from Equation (6.33).

The calculated d, represents an average between CH and C-S-H. The stoichiometry

of the C3S hydration reaction [298] is reported in Equation (6.38):

C3S + 31H20 = C1.7SH1.8 + 1361‘1 (6'38)
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Figure 6.5: Influence of the added charges on the particle size of hydrates with respect to the
unreacted cement expressed as d;/dz. The empty symbol represents the outlier in the linear
regression.

Since C-S-H is much smaller than CH, almost all the surface is due to C-S-H, while the
mass is contributed by both phases. Therefore, the average size of C-S-H is better
estimated taking into account the mass ratio between C-S-H and CH. Specifically,

since the amount of C-S-H is about 3.4 times greater than CH, d, should be close to

4/3 that of C-S-H. We define it as d sy and write it as:

desy = d e (6.39)
CSH — Y2 my +m2 .

where d, are the average particle size of hydrates, m; and m, the mass of C-S-H and

CH, respectively. Our dgy is therefore estimated to range between 45 and 85 nm. In

absence of polymer, therefore, dgg{, is estimated to be 107 nm.
Similarly, to Equation (6.33), we could also express the surface area of C-S-H as:

6
SSApy = ——— (6.40)

Pcsudesn
with SSA sy expressed as m?/g of C-S-H and p¢gy = 2.604 g/cm?3 [298].

This gives values of SSA;sy between 27 and 51 m?/g, that are comparable to that

obtained by Allen et al. corresponding to 42 m?/g of C-S-H [298].
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Let us now return to evaluating the change in the surface average particle size in
relation to the degree of hydration. For this, we substitute the expression for dl/ d,

from Equation (6.37) into (6.29), to obtain:

ASSA ASSA
di _ SSAps &Jr(l_A“) 1 _S540s P2 (6.41)
dg 20 pq 1+ Aa 20 pq

This equation gives the ratio between the particle size at the onset and the one at
some time t after it for which the specific surface and degree of hydration have been

measured. Based on the work of Zhou et al. [124], it is expected that the second

power of the ratio dl/d, would correspond to the relative change in yield.
S

Considering an average degree of hydration of 1% would give dl/d of about 2.4 +

0.2, that corresponds to a calculated normalized yield stress of 6.0 £ 0.8. Therefore,
this estimation remains much smaller than what we measured, as shown in Figure

6.6.

6.3.4 Combination of surface effects

Figure 6.6 graphically summarizes the effect of the three individual contributions
that might account for changes in yield stress, namely surface coverage, particle size,
and volume fraction, as expressed in Equation (6.4). The dashed line represents a
1:1 relation between the calculated and the experimental normalized yield stress.
None of these factors alone properly accounts for the experimental results.
However, it can be noted that the effect of changes in particle size generally has a

more significant impact than the other two factors.

Let us focus on the open symbols representing samples containing PCEs. For the
points reported, the ones to the left of the figure correspond to the lowest dosages.
In those cases, we observe that particle size changes have a greater impact than
surface coverage changes. In contrast, points more to the right of this figure,

corresponding to higher PCE dosages, suggest similar contributions from both
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effects to the increase of the yield stress. The volume fraction is numerically the

least important contribution.
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Figure 6.6: Graphical representation of the individual contribution of the volume fraction,
average particle size and surface coverage on the increase of the yield stress after the onset.
The filled markers correspond to values obtained from pastes without PCEs.

The combination of these three factors gives an acceptable data prediction of
measured yield stress changes as shown in Figure 6.7. This combination, as
indicated in Equation (6.4), is obtained by multiplying the normalized values of the
three individual contributions examined in the previous sections. Importantly,
Figure 6.7 shows that in almost all cases where adsorption data is available (filled
symbols) the yield stress is better predicted than when it is estimated from
adsorption isotherms (open symbols). It should be also reminded that the calculated
surface coverage values are based on polymer-dependent parameters that are
obtained from shifting factor experiments and that these have been carried out for
only three polymers (out of five). This limits the number of samples for which all
needed data is available to fully determine the combination of factors and explains
the reduction of data points from 13, corresponding to the number of studied

dosages with 5 polymers, to a maximum of 8 (open symbols in Figure 6.7).

Although this comparison can only be done for this limited number of data points,

this conclusion is expected to be quite general. It emphasizes that the concepts used
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to analyse yield stress changes must be correct, but that their proper quantification
is delicate. Very specifically, this underlines the importance of having developed the
experimental protocols needed to reliably determine the specific surface of cement.
Additionally, it also emphasizes the importance of the result from the shifting factor
experiments that give a much stronger dependence of yield stress on surface

coverage than previously proposed in the literature.
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Figure 6.7: Graphical representation of the combined contribution of the volume fraction,
average particle size and surface coverage on the increase of the yield stress after the onset.

6.3.5 Role of ionic composition

C-S-H particle surfaces are ionized in an alkaline environment due to the
dissociation of the silanol groups. These charges are surrounded by counterions,
typically Ca ions, whose concentration is higher close to the surface than in the bulk.
As two identically charged surfaces approach, the ion concentration between the
surface increases, in particular at mid-plane and a repulsive osmotic pressure is felt
between the surfaces. However, this repulsive force decreases with the ionic
strength and it becomes negligible for cement suspensions, having ionic strength

values in the order of 100-300 mM [299,300].

Attractive forces can also develop in presence of divalent ions and for highly charged

surfaces solution [301]. In the past years, several works evidenced that the pH and
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the ionic concentration are the main parameters governing such short-range
cohesion forces among C-S-H nanoparticles [301-304]. Indeed, calcium
preferentially adsorb on charged C-S-H surfaces rather than sodium or, more
generally, monovalent cations. These researchers agreed that the cohesion forces
are not affected much by the variation of the ionic strength in the bulk solution, but
rather by the pH. Therefore, increasing the charge density of the silanol groups
should increase the concentration of calcium near the surface and, in turn, the

strength of ion-correlation forces.

Figure 6.8 shows the bulk concentration of Ca and Na measured by ICP-OES in the
pore solution filtered over time from the cement paste with the polymer
2.5PMA1000 dosed at 3 mg/g. Detailed information about sample preparation and
ICP protocol are reported in the Appendix I. pH values were calculated as output of
the simulations carried out on GEMS, according to the default thermodynamic
database expanded with the cement specific CEMDATA 14.01 database [305-307].
The elemental composition of the pore solutions, experimentally determined by ICP-
OES, provided the input data for such simulations. The electroneutrality was
reached by floating the concentration of OH- ions. The ionic strength calculated for
studied pore solutions with and without PCE was calculated by GEMS to be around

500 mM.

Considering the timeframe studied for the admixed paste Figure 6.8b, we show that
the Ca bulk concentration is about 20 mM until the onset point, after which it
decreases slightly. In contrast, the Na bulk concentration is almost constant around
the onset point at 70 mM and then increases. The pH remains roughly constant at a
value of about 13. Similar ionic evolutions for Ca and pH are observed for the pore

solution filtered from the reference paste Figure 6.8a.

Even if these data concern bulk concentrations of calcium, rather than surface ones,
their marginal evolution suggests that their surface concentration also remains
largely unchanged during hydration. Therefore, it appears unlikely that a change in
the magnitude of ion-correlation forces can be put forward to rationalise yield stress

changes due to hydration.
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Figure 6.8: Evolution of the concentration of Ca, Na and pH in the pore solution from (a) the

plain cement paste (empty symbols) and (b) with 2.5PMA1000 dosed at 3 mg/g (filled
symbol). The dashed lines indicate the time at which the onset occurs.

In contrast, we noticed main changes for the low-concentration elements, such as Al,
Fe, Mg, and Si, over time Figure 6.9. In absence of PCE (Figure 6.9a), the
concentration of these elements is extremely low, suggesting that either particles

are too big to pass through the filter or strongly agglomerate, precipitating on the
cement surface [169,308].
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Figure 6.9: Evolution of the concentration of Al, Fe, Mg, and Si in the pore solution from (a) the
plain cement paste (empty symbols) and (b) with 2.5PMA1000 dosed at 3 mg/g (filled

symbol). The dashed line indicates the time at which the onset occurs. The grey-shaded areas
correspond to concentration values of Al values below the LOQ in the diluted solution.

In presence of PCEs, their concentration is initially very high with respect to the
plain cement paste. However, until the onset point is reached, their concentration

steeply drops and Al can barely be quantified. This might suggest that hydrates,
initially dispersed in the interstitial fluid [169,308,309], afterwards likely start to
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precipitate on the cement surface or become large enough not to pass through the
filter. In any case, new surfaces covered with layers of hydrates might affect the

short-range forces among particles.

6.4 Discussion
6.4.1 Main observations

6.4.1.1 Induction period

During the induction period the yield stress may increase at rest due to thixotropy.
However, values measured after remixing only show minor, if any, evolution. No
irreversible structural build-up, therefore, takes place during the induction period,
though the evidence from isothermal calorimetry shows that some reactions take

place.

When reported with respect to the SSAger, adsorption does not evolve much during
the induction period (Figure 5.4). This results from a proportional increase of both
the amount of adsorbed polymer and the SSAger. The surface coverage is therefore
relatively constant (Figure 5.7), which is consistent with a roughly constant yield

stress.

6.4.1.2 Onset point

Our experiments clearly identify the existence of an onset that marks the start of a
new process leading to an exponential increase of yield stress. This onset is not
caused by the precipitation of calcium hydroxide, something that can be clearly seen

in isothermal calorimetry at high PCE dosages.

For the onset to occur, the fraction of surface covered by a polymer should decrease
with respect to its value at the beginning of the induction period. This decrease can
start substantially before the onset, but never after. A reduction of surface coverage
seems to be therefore a necessary, but not a sufficient condition for the onset to

ocCcur.
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Interestingly, the occurrence of the onset directly depends on the number of
polymer functional groups introduced in the system (Figure 5.25). This result is very
relevant to practice, because it can greatly contribute to determine the open time of

superplasticized concrete in relation to polymer type and dosage.

6.4.1.3 Acceleration period

. . . dH; dH
In the acceleration period, the increase of the heat rate after the onset, (d—tt - 705)

is proportional to the increase of the specific surface area, (SSA; — SSA,s), as shown
in Figure 5.22. It is consistent with the acceleration period being controlled by a
process of nucleation and growth. This is supported by the fact that our initial

observation shows the exponential relation (5.21).

Tor _ exp a (dHt B dHOS) (5.19)
0,05 1. cldt dt
US TOT N
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- Of — exp T ¥sp(SSAL — SSAos) (5.21)
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The above equations describe a master curve that accounts for the increase of yield
stress in the acceleration period. This is a very important result for practice, in
particular in digital fabrication where the initial yield stress growth plays an

important role [310,311].

Very importantly, all contributions, namely volume fraction, particle size and
interparticle forces, examined in the previous sections have been estimated
individually with separate experiments from which the obtained parameters are
disconnected from the data that we interpret in the master curve. We demonstrated
that the yield stress growth could not be quantitatively accounted for changes in
either volume fraction, particle size or surface coverage. However, the combination
of these, in particular of particle size and surface coverage was encouraging, giving a

good agreement for the studied dosages and polymers.
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Unchanged particle shape is the main assumption made in our proposed calculations
in section 6.3.3. Indeed, spherical particles, for both anhydrous cement and
hydrates, were considered for the estimation of the SSA over the studied hydration
timeframe. Around the onset, in correspondence with the take-off of the acceleration
period in calorimetric curves, the forming C-S-H particles are mainly present as
small nuclei for which a spherical shape is considered reasonable enough. Besides,
the presence of PCEs is known to influence the morphological evolution of cement
hydrates. Indeed, this topic has been already examined for ettringite [9, 103, 168]
and C-S-H [309], but still at preliminary stages and they remain an open subject of
research. Therefore, to the best of our knowledge and based on current scientific

discussions, this assumption seems still admissible.

In what follows, we examine other factors that can either explain some of the
observations or potentially contribute to better describing the obtained master

curve.

6.4.2 Role of C-S-H nucleation balance

We identified that the combination of changes in particle size and surface coverage
accounts relatively well for changes in yield stress. However, the master curve fails
to describe the increase of the yield stress in absence of PCE. In our opinion, this is
because the balance between heterogeneous and homogeneous nucleation is altered
in presence of PCEs and this modifies the microstructure at contact points, leading

to different characteristics of yield stress growth.

Different authors have reported that PCEs enhance homogeneous rather than
heterogeneous nucleation of C-S-H, with probably the most direct evidence coming
from Artioli et al. [312]. More recently, Valentini et al. [309] fitted hydration kinetics
of C3S pastes to a nucleation and growth model, from which they extracted numbers
of nuclei formed homogeneously and heterogeneously. The model neglects the
possibility of PCEs to inhibit dissolution, something shown experimentally to take

place [15]. The results of the model of Artioli et al. [312] may therefore reflect an
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indirect impact of PCEs on nucleation. With these limitations in mind, we discuss

their results further.

In absence of PCEs, about 105 times more nuclei are claimed to be formed
heterogeneously than homogeneously [309]. This confirms claims by other authors
on the role of heterogeneous nucleation in absence of PCEs [309,312-314]. Also,
when PCEs are included in delayed addition, no change in nucleation is observed.
However, when directly added, PCEs completely change this balance. The total
number of nuclei per unit volume remains similar, but this time there are about 10

times more nuclei formed homogenously than heterogeneously [309].

With respect to our experiments, this indicates that hydration with directly added
PCEs cannot be easily compared to hydration in their absence. More specifically,
using a PCE concentration dependence to extrapolate a behaviour in absence of
PCEs cannot truly represent a cement without PCE. This probably explains why it is
not possible to rationalise the behaviour of cement pastes without admixture based

on the behaviour of pastes with PCEs (see section 5.6).

Concerning the effect of admixture type and dosage in direct addition, the limited
data reported by Valentini et al. [309] show that the number of nuclei formed
homogenously remains roughly constant. In contrast, they find large differences in
those formed heterogeneously. Additional findings about this would be of high

interest for the present work.

The question is how to rationalise the dependence on polymer type and dosage. In
the work of Valentini et al. [309], there were no clear trends about how these factors
affect nucleation balance. As mentioned before, these values are extracted from a
model and subject to the quality of its underlying hypothesis. However, they do
underline the change from heterogeneous to homogeneous nucleation in presence of

PCEs.

Getting back to our master curve, we can state that for a given change in specific
surface, the yield stress increases less with a high dosage and a high grafting degree
(low N). Relating this to nucleation, an increased dosage should favour

homogeneous nucleation. Those hydrates will not be at contact points between
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grains and are therefore not expected to play a role in the increase of the yield
stress. A polymer with a high grafting degree (low N) has a lower affinity for the
surface. Therefore, a greater part of such polymer should remain in solution rather
than adsorb on cement grains. We expect that this will also lead to an enhancement
of homogeneous nucleation and would consequently attenuate the increase of yield
stress. From a qualitative point of view, these expectations appear realistic. They
account for our master curve, but call for some quantification going beyond the data

fitting in the study by Valentini et al.

It should be noted that a limitation in the approach proposed by Valentini et al.
[309] is that polymers added in delayed mode do not alter the nucleation balance.
Therefore, the above argument would suggest that yield stress growth in those cases
would not depend on the polymer type or dosage. This is quite unlikely, but is

something that deserves to be confirmed experimentally in future research.

6.5 Conclusions

We quantitatively demonstrated that the yield stress growth cannot be accounted by
the individual changes in either volume fraction, particle size or surface coverage.
However, the combination of these surface factors provides good agreement with
the experimental results. We observed that the surface coverage becomes more
relevant than the particle size and volume faction as the polymer dosage is
increased. At lower PCEs dosages, the particle size effect plays the dominant role.
Also, we identified a substantial difference between plain and admixed systems that
accounts for the inaccurate prediction of the flow loss evolution from the master
curve in absence of PCEs. This could be explained by the shift from heterogeneous

nucleation of C-S-H in absence of PCEs to homogeneous nucleation in their presence.

The effect of particle size was introduced through the empirical observation made in
rheology of ceramic suspensions that the yield stress scales with the inverse square
of the surface average particle size [124]. The analysis proposed is therefore very

rough and would overlook details of particle size distribution. It also does not



Physical interpretation of the origin of flow loss and its master curve 185

include any changes in curvature at contact points. Other analysis may be
undertaken in the future to refine this prediction and back it up with more solid

microstructural arguments.

The other essential part of this result was that data can only be fitted considering
that yield stress evolves as an exponential function of the amount of polymer
adsorbed, provided that the latter is expressed with respect to the cement surface at
each time considered. The exponential function was obtained by the shifting factor
experiments carried out at early age. The entire approach proposed in that case is
completely new and seems to provide a reliable description of interparticle forces
evolution during hydration in presence of PCEs. Another essential element is a
proper assessment of the amount of adsorbed polymer. If that amount is determined
experimentally, predictions are generally quite good. Otherwise, by using an
adsorption isotherm it is possible to get a relatively decent estimation of yield stress
changes. Here again, the importance of having quality experimental data is

underlined.

For both contributions of particle size and surface coverage, the measurement of
specific surface has turned out to be crucial. This valorises more than anything else
the very important efforts that were put into developing reliable experimental

protocols to determine this parameter.

It is only thanks to the combination of all the above points that it has been possible

to rationalize the yield stress evolution.
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Conclusion and outlook

7.1 Achieved results

The present work aimed to define the parameters governing flow loss in presence of
PCEs. The development of reliable analytical methods was needed to study fresh

cement pastes in terms of specific surface and aqueous phase composition.

Firstly, it was quantitatively demonstrated how harsh sample preparations could
compromise final SSAger results. Gypsum is very sensitive to temperature and it is
the limiting factor to consider for the choice of the operative conditions. Hence, we
found that a mild degassing at 40 °C under nitrogen flow for 16 hours preserves the
structure of both gypsum and ettringite. Additionally, we found that a significant
change in SSAger of AFt is observed when more than 12 molecules of water are lost
from its structure, at temperature higher than 50 °C under nitrogen flow. Thus,
contrary to what had been reported up to now in the literature, gypsum is the most
sensitive compound in fresh pastes and the drying conditions must be optimized
taking this into account. Another important experimental issue is how the stop
hydration, which literature reports to be problematic with solvents because of their
possible substitution or dehydration of hydrates. In this thesis, it was shown that
this problem can be overcome by using by using cold isopropanol used to stop the
hydration, coupled to a specially developed fast filtration methodology. By using this
procedure, it possible to retain the crystallinity of ettringite, thus enabling
quantitative phase analysis. The absence of adequate sample preparation protocols

up to now means that there are barely any reliable data in the literature concerning
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the specific surface of cement pastes at early ages. Therefore, up to now, it was
simply not possible to critically examine the causes of flow loss in superplasticized

pastes.

The elemental characterization of cement pore solutions is of paramount
importance for the study of complex coupling of dissolution and precipitation
reactions in presence of PCEs. An easy and robust ICP-OES method for
characterizing cement pore solutions was developed considering the quantification
of eight elements of major interest. For the first time, we obtained robust values of
aluminium and magnesium concentrations in the order of nmol/L-pmol/L, despite
of the complexity of the matrix. We also identified that PCEs promote the formation
of nanoparticles that might be at the origin of the increased amount of the low-

concentration elements in solution.

Thanks to these solid analytical bases, we could systematically investigate the effect
of five polymers on flow loss. We quantitatively established a strong correlation
between yield stress evolution and hydration kinetics expressed as heat rate after
the onset. This time during hydration marks the clear transition from the induction
to the acceleration period after which the yield stress grows exponentially. We
proved that the onset is not caused by the precipitation of portlandite. More
interestingly, two distinct processes are involved before and after the onset and for
the first time we could examine them individually. In this way, we quantitatively
demonstrated that, during the induction period, the linear evolution of the yield
stress is independent of hydration reactions and, therefore, we refer to it as
thixotropy. In contrast, after the onset, the exponential increase of the yield stress is

proportional to the heat rate, describing an irreversible structural build-up.

7.2 Influence of PCEs on flow loss

For the first time, we establish a master curve showing how the rate of flow loss
depends on the molecular structure and dosage of PCEs. Very interestingly, we

proved that flow loss is related to the heat rate. Because calorimetry is a very
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straight forward method, this could be done for all samples and was clearly
established in all cases. For the large, but more limited number of cases in which
specific surface was measured, we also found a direct relation of flow loss and
specific surface. The key question is therefore whether the flow loss is more directly
linked to changes in heat rate or specific surface. Because yield stress originates
from interparticle contacts, it is our expectations that the true origin of flow loss lies
in the formation of additional specific surface. In support of this, our results also
show that, after the onset, hydration rate and specific surface changes are
proportional one to the other. This is something expected in an initial stage of
nucleation and growth. It is therefore normal that yield stress could be expressed as
a function of either changes in heat rate or changes in specific surface, although the

mechanistic relation would rather involve specific surface.

Yield stress can be defined by a product between a function of volume fraction and
an average interparticle force [126]. In the specific case of superplasticized
cementitious systems, we include also the contribution of the surface coverage.
Based on this, we systematically analysed the contribution of these factors to assess

whether they also affect the yield stress increase after the onset.

We reported that none of these surface factors accounts alone for the experimental
results obtained. However, their combination provides a good correlation to
experimental results. An important element here is to use an appropriate expression
for the dependence of yield stress on surface coverage. This was only possible
thanks to the novel experimental approach we devised to overcome the hurdles that
are normally encountered when trying to do this with cement pastes. The approach
in question involves the so-called shifting factor experiments and leads to an
exponential dependence of yield stress on the amount of adsorbed polymer per unit
surface of cement. Results showed that yield stress changes as a combination of a
change in particle size and surface coverage, with both factors having a relative
importance that changes with polymer dosage. At lower PCEs dosages, the particle

size effect plays the dominant role. Based on this, we could account for the
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exponential growth of the yield stress in function of the amount of adsorbed

polymer.

Importantly, our analysis of flow loss focused on relating the change in yield stress
to the change in other properties of cement paste, in particular specific surface and
adsorption. We did not however deal with the question of how polymers modify the
hydration kinetics in the flow loss. This would have represented a higher order
problem and would probably have made it impossible to reach any tangible results,
just as any other study on this subject. The question of how hydration kinetics are
modified by PCEs is however an important issue and research on that question
would deliver kinetic laws that could be coupled to our results to provide a kinetic

prediction of flow loss.

We also identified a substantial difference between plain cement pastes and ones
containing PCEs. Specifically, extrapolating the behaviour of admixed systems to
zero dosage lead to predictions that do not match at all the behaviour of pastes
prepared in absence of PCEs. This could be explained by the shift from
heterogeneous nucleation of C-S-H in absence of PCEs to homogeneous nucleation in

their presence.

7.3 Future developments

The present work presented how PCEs can influence the yield stress evolution when
they are included in the mixing water (direct addition). This procedure is known to
facilitate the strong interaction of PCEs with the aluminate hydrates forming
immediately after contact with water, with a consequent reduction of polymer in

solution needed for the dispersion.

It was recently demonstrated that the delayed addition of PCEs not only limits the
loss of polymer in the first minutes of hydration, but also can affect the overall
mechanism of hydration at later time [15,16]. Indeed, from some preliminary
experiments (not reported in the manuscript), we found that the measured SSAger is

greater when the delayed addition is adopted. As reported in Appendix I, after
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direct PCE addition, the amount of low-concentration elements increases
significantly, contrasting with solutions from pastes in which the PCE addition was
delayed and for which concentrations were much lower. From isothermal
calorimetry tests, we observed that the hydration reaction is accelerated compared
to the paste prepared adding the PCE directly. These results led us to infer that both
the macroscopic properties and their respective relations evolve differently with
direct or delayed PCE addition. This translates into the impossibility of extrapolating

flow loss data in presence of PCEs to infer the flow loss in their absence.

We showed that PCEs alter the dissolution and nucleation mechanisms in relation to
both polymer architecture and dosage. The significant increase of the amount of
low-concentration elements, mainly Al and Mg, is the main expression of this change
at the beginning of the hydration. However, we observed that their concentration
tends to decrease exponentially over time. In the first instance, we hypothesized that
this might be due to the precipitation of the hydrates on the cement grains resulting
in a reduced concentration in solution. In preliminary tests presented in Appendix I,
we showed that the concentration decay is influenced by the polymer dosage and we
support the idea that the polymeric molecular structure could also play a significant

role.

The evolution of the elemental composition of superplasticized pore solution and its
correlation to the yield stress change still deserves a deeper investigation. Indeed, if
the rate of hydrates precipitation was linked to the yield stress growth, then the
surface profile would also change affecting the cohesion interaction among
hydrating participles. This stresses the importance of a detailed characterization of
the forming superplasticized nanoparticles, whose size and chemical composition
can modify the surface roughness. The complexity in characterizing hydrating
cementitious systems at nanoscale level renders this future study very challenging.
For this purpose, cryo-ESEM analysis seems to be promising to investigate the
evolution of the surface morphology in hydrating cementitious systems

[84,315,316].
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Also, the analysis proposed to explain particle size changes in Chapter 6 overlooks
details of particle size distribution and it does not include any changes in curvature
at contact points. The application of a less empirical model, such as YoDEL, would
mean that the effect of changes in particle size could be dealt with on a more

fundamental basis.

Pore solution changes and microstructure evolution would represent important
elements to include when addressing the kinetics of cement hydration. As explained
above, this problem can in principle be decoupled from the question of flow loss
which simplifies the question. Progress is needed in predicting how hydration
kinetics are affected by PCEs in the acceleration period in order to reach a

quantitative prediction of flow loss kinetics.

7.4 Outlooks

In this thesis, we obtained very important results showing that the onset time
increases linearly with the added charges at a given w/c ratio. The onset time has a
special significance in practice marking the duration of the open time, but it is also
paradoxically difficult to determine reliably with simple tests. In order to have a
larger applicability, this parameter obtained from a fundamental analysis would
need to be converted to an outcome from pragmatic tests. Setting time measured by
Vicat test [317] and force measurements by penetrometers [318] are generally
carried out to verify the change in consistency of cementitious systems. Besides,
Ultrasonic Pulse Velocity (UPV) [319,320] and Electrical Resistivity [321] tests are
proposed to estimate the setting time in concrete. However, it is well known that
these empirical tests are not always able to capture even major differences
occurring in hydrating systems when they are conducted out of the range of
standard procedures, mainly in presence of PCEs [14]. Also, it worth noting that the
time at the onset might correspond - or not - to the setting time measured as

proposed above.
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The fundamental knowledge proposed in the present research might provide the
right connection to the practice. This would pave the way for developing a model by
which the correct onset time can be predicted by varying more than one parameter.
In this way, initial dispersion and open time might be tuned by varying the polymer
parameters - dosage, grafting degree, side chain length - and w/c ratios. This would
possibly allow controlling the properties of concretes designed for different

applications.

The subject that would most directly benefit from this involved digital fabrication
with concrete, for which the initial increase in yield stress governs the success or
failure of shaping [310,311]. In this context, it would be worth expanding the scope
of this thesis to other admixtures, in particular combinations of retarders and

accelerators that are used in digital fabrication.

A major objective for the future on the topic of flow loss is to couple the results of
this thesis with hydration kinetics and how these are affected by PCEs. Although we
demonstrated that the onset time increases with the added charges, it is however
unclear how broadly valid this result is. For example, it shows a certain contrast
with the study by Marchon et al. [15]. A possible reason is that this thesis used
copolymerized PCEs, while Marchon et al. used grafted ones. It would be therefore
important to examine whether this has an effect, but also to determine the role of

changes in cement composition, in particular alkali and aluminates.

In addition, we proposed a master curve that relates the increase of yield stress to
the increase of surface area. This relation is dependent on the molecular structure
and dosage of PCEs through the factor c¢/N. However, a physical insight for this

factor could not yet be given.

The above points highlight the importance to understand in detail the chemical
reactions involved during cement hydration in presence of PCEs, to better predict
the kinetics of flow loss in the acceleration period. This is a very complex subject
that will require a lot of work. Methods developed in this thesis, in particular

reliable measurements of the pore solution can be used in this endeavour.
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In our experiments, we focused our attention on flow measurements after at least 30
minutes from the beginning of the hydration. During this timeframe, we could not
observe major changes in the system’s properties for the studied PCE dosages.
Nevertheless, we cannot exclude that, at lower dosages, flow loss might occur
earlier. Also, we often evidenced refluidication of the pastes at early stages,
something that has been explained only in qualitative way. Such effects underline
the importance of also investigating the hydration reactions during and shortly after
mixing (up to 30 minutes), when the interaction between ettringite and PCEs can
significantly impact the initial dispersion of cement grains. This requires a detailed
study the effect of PCEs on the nucleation of hydrates as well as on the dissolution of
anhydrous phase. For this, the characterization methods developed in this thesis,
ICP and SSA in particular, could be very valuable. In addition to experimental
approaches, the use of molecular modelling would provide very useful information
in understanding how different organic compounds interact with the surface of the
different phases present in cement paste. Recent developments on this front suggest

that reliable chemical insight into these questions is now becoming available.
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Appendix I

Effect of PCEs on the cement
pore solution composition

[.1 Introduction

The evolution of the ionic composition of cement pore solutions reflects the relative
kinetics of dissolution and precipitation processes taking place during cement
hydration [6]. During the first stage of hydration, PCEs can influence these processes
leading to different nucleation and precipitation of cement hydrates [6,15,16].
Besides this, the accurate quantification of sulfates in the aqueous phase is of
particular interest as they can modify the balance of the competitive adsorption with
polycarboxylates [176] affecting the flow evolution over time [74,76,101]. If a
system initially contains a large amount of sulfates, then only a small fraction of
polymers can adsorb. However, as hydration reactions proceed, sulfates get
consumed and the non-adsorbed polymers begin to adsorb, which leads to the so-

called “delayed fluidification” [91].

ICP-OES is broadly used by the cement community for the characterization pore
solutions. However, its potential seems to have been largely underused, Chapter 4
presents the first robust guidelines for the quantification of the eight main elements
present in cement pore solutions. The main achievement was the reliable
quantification of aluminium ions - at the level of pmol/L - taking into account the
complexity of cement-paste matrices having an average concentration of about 40
g/L. Our results also show how PCEs increase the concentration of Al, Mg, Fe, and Sij,

keeping almost unchanged the concentration of the high-concentration elements
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with respect to the solution from the plain paste. In support of this modification, the

formation of either nanoparticles or complexes was proposed.

In all these measurements, a rate-determining step is the amount of time involved in
separating the liquid from the solid phase. However, the importance of the sample
preparation is often underestimated and the systematic effect of different
procedures to extract cement pore solutions is barely reported in the literature
where single measurements are typically presented. This limits the possibility to
identify possible mistakes due to the sample preparation and/or instrumental

issues.

The separation of the liquid phase from the solid in cement pastes is not a trivial
task, especially in the case of highly dispersed systems with low water contents.
Centrifugation is advisable for the separation of dilute suspensions, while pressure
filtration is needed at higher volume fractions of solids. The latter is normally
carried out by applying vacuum an under-pressure below the filter. Alternatively,
pressure higher than the atmospheric one may be applied on top of the suspension.
As filtration proceeds, the height of the particle bed on the filter increases. In highly
dispersed systems, this leads to a very low permeability of the particle beds,
increasing the filtration time substantially. A prolonged filtration may become
problematic with respect to cement hydration, in particular when considering
aluminate reactivity in the early stages, thus preventing a rigorous characterization

of the pore solutions.

A further filtration is recommended before the analysis, mainly after centrifugation,
to prevent possible coarse particles from clogging the hydraulic part of the ICP-OES.
This is conveniently done with filters having a pore size of at least 0.45 pm.
However, this step may be a limiting factor if nano-hydrates are formed and
stabilized in the interstitial fluid with chemical admixtures. Comparet [176] claimed
that filters with pore sizes as small as 0.1 um are needed to retain ettringite crystals
formed in the presence of SNFCs. However, we demonstrated that that PCEs lead to
ettringite particles and/or aluminium containing agglomerates of PCEs even smaller

than 0.1 um (Chapter 4)[21]. In turn, Sowoidnich et al. demonstrated that such small
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particles forming in presence of PCEs can be separated by ultracentrifugation [308].
These experimental evidences raise the question of what the effects of admixtures

adsorbed on nanoparticles can be for the rheological behaviour.

In this Appendix, the effect of five different PCEs on the composition of the aqueous
phase of cement pastes is investigated. Also, some preliminary results on the
evolution of the aqueous composition over time are presented when varying the

polymer dosage.

[.2 Materials and methods

[.2.1 Materials

Five 25 kg-bags of fresh CEM I 52.5R OPC were provided by Holcim (Holcim Group
Services Ltd/Holcim Technology Ltd, Zurich, Switzerland). After delivery, the
content of the cement bags was transferred into two PE screw cap barrels to limit
possible changes in composition due to hydration and carbonation reactions. Five
non-commercial polycarboxylate ether-based comb polymers were used in the

present study. For further details, see sections 5.2.1 and II.1.

1.2.2 Sample preparation

[.2.1.1 Small batches of cement pastes

Cement pastes were prepared in PP containers by mixing 200 g of cement and 60 g
of UPW (w/c = 0.3) and the polymer is dosed directly with the mixing water (direct
addition) as described in section 4.3.2.2. Three repetitions were carried out for each

dosage for the polymer 2.5PMA1000, and only one for the other polymers.

The effect of the delayed addition of PCE was also investigated for the polymers
2.5PMA1000 and 2.5PMAZ2000. In this case, 85% of the total water, corresponding to
51 g of UPW for 200 g of OPC, was mixed to the cement following the same

procedure as above. After 15 minutes from the first contact with water, the
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polymeric solution and the remaining water were added and mixed at 800 rpm for
two minutes. The remaining water was calculated subtracting the water content in
the dosed polymeric solution. This procedure allows having the same dissolution
process and, therefore the same solution supersaturation, within the first minutes of

hydration, so that only the effect of the polymer can be appreciated after its addition.

Afterwards, 50 g of cement paste were put in the barrel (Vmax = 200 mL) of a
stainless-steel pressure filter holder previously mounted with a nylon 0.45 pum
membrane filter, both by Sartorius. The stainless-steel pressure filter holder was
then connected to a high-pressure air circuit (4 bar) to let the system filter the

cement paste for 10 min.

1.2.1.2 Big batches of cement pastes

2 kg of OPC were sampled from the PE barrel at different heights to prepare a
cement paste with UPW with a constant w/c of 0.3 using a Hobart mixer (N50 5-
Quart Mixer) and the polymer is dosed directly with the mixing water (direct

addition) as described in section 5.2.2.1.

Cement pore solution were extracted as described in the previous section. Part the
filtered solutions from cement pastes with 2.5PMA1000 for the study of the
performances over time was centrifuged for 1 h at 41000 g with a 3-30KS
instrument from Sigma (SciQuip Ltd, Newtown, UK) and filtered with a 0.45-um
filter.

.2.3 Spread flow measurements

Cement pastes were remixed for three minutes at 800 rpm with a vertical mixer
(Eurostar power control visc with a 4-bladed propeller stirrer, IKA) before spread
flow tests to break down the bonds forming between cement particles over time at
rest, before spread flow tests. The yield stress from spread diameter measurements

is calculated according to the protocol described in section 5.2.2.2.
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[.2.4 ICP-OES

A Thermo Scientific iCAP 6300 Dual View ICP-OES (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) with a CETAC ASX-260 autosampler (CETAC, Omaha, NE, USA)
was used for the analyses. The composition of the calibration solutions used in this

study is reported in Table I.1.

Table 1.1: Composition of the calibration solutions used in this study. CS-SP-H refers to the
calibration solution used for quantifying high-concentration elements in the cement pore
solutions. CS-SP-L1 and CS-SP-L2 refer to the calibration solutions used for quantifying low-
concentration elements, in which high concentrations of calcium, potassium, sodium and
sulfur in CS-SP solutions provide matrix-matched standards.

Solvent/blank CS-5P-L1in 2% CS-SP-L2 in 2% CS-SP-H in 2% (w/w)
(w/w) HNO3in UPW  (w/w) HNO3zin UPW HNOsin UPW
cca (mg/L) 10 10 10
¢k (mg/L) 200 200 200
cna (mg/L) 20 20 20
cs (mg/L) 100 100 100
ca (ng/L) 25 1000
cre (ug/L) 25 1000 ---
cmg (ng/L) 25 2000 -
csi (ng/L) 100.1 1001 -

The reference solutions were independently prepared so that the concentration of
the elements lies at half of the calibration range of the method CS-SP-L and CS-SP-H.
For the method CS-SP-L1, the concentration of the reference materials at very low-
concentration elements with 15 pg/L of Al, 10 pg/L of Fe and Mg, 50.05 pg/L of Si
and 10 mg/L of Ca, 20 mg/L of Na, 100 mg/L of S and 200 mg/L of K - as
interferences - in HNO3 2% (w/w) in UPW. The contribution of the polymer content
in the matrix is not taken into account and the blank was the solution HNO3 2%

(w/w) in UPW.

.2.5 Dynamic Light Scattering (DLS)

A Malvern Zetasizer Nano ZS was used to determine the presence of nanoparticles in

the filtered pore solutions. Measurements were conducted at 25 °C. The wavelength
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of the incident laser was 633 nm and the scattered light was detected at a constant
angle of 173°. For reference purposes, DLS measurements were also carried out on

the pure SP in a synthetic pore solution (prepared as in Houst et al.[77]).

.3 Effect of PCEs during the initial hydration

In this section of the annex, the results about the effect of the sample preparation on
the reproducibility of the solution composition are presented. Particular attention is
devoted to results about the influence of polymer structure and dosage on the final
composition of cement-paste aqueous phase at the beginning of hydration. The
evolution of the pore solution composition is studied in cement pastes with the

polymer 2.5PMA1000 at different dosages.

[.3.1 Effect of sample preparation on the pore solution
composition

The amount of cement pastes to be filtered might be an additional issue to take into
account when preparing the samples. A sufficiently large amount of paste is typically
filtered to guarantee the right quantity of liquid for several analyses. This
contributes to the packing of the solid on the filter, slowing down the filtration.
However, a constant filtration time is recommended for a better comparison of the

results.

The consistency of the two cement pastes after 10 minutes of filtration is shown in
Figure I.1. A fluid paste is observed when the largest amount of cement paste is used
(Figure I.1b), inferring that the filtration is not complete. It was noticed that a moist
paste - as observed for small amount of paste (Figure I.1a) - is obtained only by
filtering for, at least, 25 minutes. After the first 10 minutes of filtration, the amount
of the filtered solution was double using less paste as a thinner consolidated bed is
formed. The issue of the amount of filtered paste becomes less critical by decreasing

the polymer content.
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(a)
Figure L.1: Effect of the filtration for 10 minutes under pressure of 50 g (a) and 150 g (b) of a

cement paste prepared with 4 mg/g active by weight of cement of 2.5PMA1000 at w/c ratio of
0.3.

Figure 1.2 shows the effect of the amount of filtered paste on the composition of the
interstitial pore solution. The main differences are observed at high polymer dosage
where the packing of the solid on the filter is more pronounced, mainly for the low-
concentration elements. The incomplete filtration noticed in Figure 1.1 starting from
150 g of paste generally leads to a dramatic decrease of the content of the low-
concentration elements. This might be due to the effect of a gradient of

concentration through the packing paste over a relatively short filtration.
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Figure 1.2: Composition of pore solutions with the polymer 2.5PMA1000 at different dosages
for the low-concentration (Al, Fe, Mg, Si) elements from the filtration of (a) 50 g and (b) 150 g
of admixed cement paste. Each point corresponds to the averaged value with nsamples = 3.

For the low-concentration elements, the average calculated relative standard errors
are 38%, considering the quantification of 1-2 mg/L in the diluted solutions

obtained from the filtration of 50 g of paste with the highest polymer dosages. At
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dosages lower than 2 mg/g, the relative standard error decreases down to 22%,
excluding the contribution of the Al, whose concentration was lower than its LOQ
(Figure 1.3a). In the worst case from 150 g of pastes, namely when 3 mg/g of PCE is
added, the calculated relative standard errors for the same elements are on average

greater than 300%.
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Figure 1.3: Composition of pore solutions with polymer 2.5PMA1000 at different dosages for
the low-concentration (Al, Fe, Mg, Si) elements from the filtration of (a) 50 g and (b) 150 g of
admixed cement paste. The results are shown as the mean values and the standard errors of the
mean at the 95% confidence limit with nsamples = 3.
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Figure 1.4: Composition of pore solutions with polymer 2.5PMA1000 at different dosages for
high-concentration elements (Ca, K, Na, S) from the filtration of (a) 50 g and (b) 150 g of
admixed cement paste. The results are shown as the mean values and the standard errors of the
mean at the 95% confidence limit with nsamples = 3.
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In contrast, no significant differences between the two procedures were noticed
using one or the other procedure with different amount of paste, for the high-
concentration elements (Figure 1.4). The relative standard errors are generally of
6% for Ca, and even lower (around 3%) for the other elements, S, K, and Na when
the aqueous phases are obtained from 50 g of paste. The relative standard errors
from solution filtered from higher amount of paste are slightly greater (namely, 15%

for Ca and 4%, on average, for the other elements).

[.3.2 Effect of polymer dosage

Figure .5 shows that the content of the low-concentration elements increases by
increasing the polymer dosage. The maximum concentration of these elements in
solution is also dependent on the polymer structure. As a general consideration, the
contents of Mg and Si ions in solution are most affected by the presence of PCEs.
Specifically, values of about 2.3 and 1.5 mM for Mg and Si, respectively, are reached
at the highest dosage of the polymer 2.5PMA1000. For a better comparison among
the studied polymers, the concentrations of the same elements were put in relation
to the number of charges introduced in the system, as shown in Figure L.6. In

addition, the measured yield stress values were also reported in the plots.

Figure 1.6 evidences that, for a given polymer, the concentration of this set of

elements follows a similar trend by increasing the number of dosed charges.

The evolution of the most concentrated elements obtained by varying the polymer
charges cannot be generalized (Figure [.7). Indeed, Na concentration remains
approximately constant for broad ranges of dosages and polymer type, whereas Ca
concentration tends to increase with the dosed charges. In contrast, S and K
concentrations decrease with the dosed charges differently according to the

polymer structure.
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Figure L.5: Composition of pore solutions by increasing the dosages for low-concentration (Al,
Fe, Mg, Si) elements with polymers: (a) 2.5PMA1000, (b) 4.0PMA1000, (c) 2.5PMA2000, (d)
4.0PMA2000 and (e) 2.5PMA5000 from the filtration of 50 g of admixed cement paste. The

empty symbols represent the elemental composition of cement pastes that were close to the
bleeding condition.
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Figure 1.6: Composition of pore solutions by increasing the added charges for low-
concentration elements (Al, Fe, Mg, Si) with polymers: (a) 2.5PMA1000, (b) 4.0PMA1000, (c)
2.5PMA2000, (d) 4.0PMA2000 and (e) 2.5PMA5000 from the filtration of 50 g of admixed
cement paste. Empty symbols represent the elemental composition of cement pastes that were
close to the bleeding condition. The grey-shaded areas correspond to concentration values of
Al below the LOQ in the diluted solution.
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Figure L.7: Composition of pore solutions as a function of the dosages of polymers for low-
concentration (Al, Fe, Mg, Si) elements for: (a) 2.5PMA1000, (b) 4.0PMA1000, (c) 2.5PMA2000,
(d) 4.0PMA2000 and (e) 2.5PMA5000 from the filtration of 50 g of admixed cement paste. The

empty symbols represent the elemental composition of cement pastes that were close to the
bleeding condition.

[.3.3 Effect of addition mode of the polymer

The delayed addition of PCE significantly affects the ionic composition of cement
pore solutions as well as the yield stress evolution, as shown in Figure 1.8. For a
given polymer, the amount of the low-concentration elements is drastically reduced
by factors of 10 for Si and even 280 for Mg with the 2.5PMA1000 at the highest

dosage when the polymer addition is delayed.
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This drastic alteration of the concentration of these elements after delayed addition

of the polymer corresponds to a greater dispersion even at low PCE added charges.
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Figure 1.8: Composition of pore solutions for low-concentration (Al, Fe, Mg, Si) elements by
increasing the added charges using different addition modes with polymers: 2.5PMA1000 (a)
direct addition, (b) delayed addition and 2.5PMA2000 (c) direct addition, (d) delayed addition
from the filtration of 50 g of admixed cement paste. The grey-shaded areas correspond to the
Al values below the LOQ in the diluted solution.

As shown in Figure L9, the evolution of the concentration of Ca and K remains

relatively insensitive to the addition mode of PCE with different structure and

dosage. In contrast, the concentrations of Na and S slightly vary when the addition of
PCE is delayed.
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Figure 1.9: Composition of pore solutions for high-concentration elements by increasing the
added charges with polymers 2.5PMA1000 and 2.5PMA2000 at different addition, direct and
delayed, from the filtration of 50 g of admixed cement paste. Ca (top, left), Na (top, right), S

(bottom, left) and K (bottom, right).

[.4 Influence of PCEs over time

Figure 1.10 shows the qualitative comparison of the evolution of the low-

concentration elements over time for the polymer 2.5PMA1000 by varying its initial

concentration from 2 to 4 mg/g. After few minutes from the direct addition of the

PCE, the concentration of these elements decreases and the rate at which this occurs

depends on the polymer dosage. Also, this decay may be fitted with an exponential

function, but the meaning of this is unclear and would require further investigation.
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The evolution of the high-concentration elements appears more homogeneous by

varying the initial dosage (Figure .11).
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Figure 1.10: Composition of pore solutions over time from cement pastes with 2.5PMA1000 at
three different dosages for low-concentration elements: Al (top, left), Fe (top, right), Mg
(bottom, left) and Si (bottom, right). The grey-shaded areas correspond to the Al values below

the LOQ in the diluted solution. The filtration was carried out from 50 g of admixed cement
paste.

After a small initial increase, Ca concentration tends to decrease over time. S shows
the opposite trend characterized by an initial significant decrease. This is followed
by an increase of its concentration over time with a dosage-dependent evolution.
For Na and K we observe a common trend by normalizing the data by the value at
the latest time. A common similar normalized concentration is quantified at the

beginning with a gradual increase that depends on the dosage.
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Figure I.11: Composition of pore solutions over time from cement pastes with 2.5PMA1000 at
three different dosages for high-concentration elements: Ca (top, left), S (top, right), Na
(bottom, left) and K (bottom, right). The filtration was carried out from 50 g of admixed
cement paste.

[.5 Discussion

1.5.1 Presence of nanoparticles

As presented in Chapter 4, the observed increase of the low-concentration elements
when PCE is added in direct mode could be explained by the formation of
nanoparticles or agglomerates in the aqueous phase. DLS measurements of the
aqueous phase shown in Figure .12 evidence how the size of these species varies
when increasing the polymer dosage. In particular, the main peak seems to shift

towards lower sizes at high polymer dosages. A quantitative assessment of these
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nanoparticles is not possible due to the lack of an appropriate calibration. The
qualitative comparison of the intensities suggests that the number of the scattered

nanoparticles increasing with the dosage of polymer initially added in the cement

paste.
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Figure 1.12: Intensity size distribution of pore solutions from cement pastes containing
different 2.5PMA1000 dosages in direct addition mode: (a) Overall view, (b) zoom of the
Intensity size distribution for the pure polymer in artificial pore solution and the lowest PCE
dosages.

In Chapter 4, we reported that a filtration of the pore solutions with a 0.1 um syringe
filter (after a first one with a 0.45 um syringe filter) leads to a systematic decrease of
the low-concentration elements. However, from DLS measurements, we showed that
some particles can be smaller than 0.1 um. It has been reported in literature that
such nanoparticles can be separated by centrifugation [308]. Firstly, we noted that
the centrifugation does induce a visible separation with a sediment at the bottom of
the vial. Also, the nature of this sediment is different for solution filtered from pastes
with 2 or 4 mg/g of polymer. At low dosage, the resulting pore solution after
centrifugation within one hour of hydration appears opaque from the beginning and
the sediment is white and spread at the bottom of the vial (Figure 1.13b). In contrast,
in (Figure 1.13a) solutions from highly admixed pastes appear yellowish with a
brown sediment at the bottom of the plastic vial. In both cases, these solutions
became more transparent over time and the sediments disappeared. The ICP

measurements were carried out on the solutions deprived of the solid.
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e . BMANAHAA

Figure 1.13: Cement pore solution after filtration and subsequent centrifugation filtered from
50 g of paste plasticized with 2.5PMA1000 dosed at: (a) 4 mg/g and (b) 2 mg/g
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Figure 1.14: Composition of pore solutions over time from cement pastes with 2.5PMA1000
dosed at 2 mg/g (triangles) and 4 mg/g (circles) for low-concentration elements after
filtration and centrifugation: Al (top, left), Fe (top, right), Mg (bottom, left) and Si (bottom,
right). The grey-shaded areas correspond to the Al values below the LOQ in the diluted solution. The
filtration was carried out from 50 g of admixed cement paste.
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As shown in Figure 1.14, only small differences of the amount of low-concentration
elements are quantified in pore solutions before and after the centrifugation. The Si
represents the only exception, showing a decrease in the first 30 minute of
hydration induced by the centrifugation. The amount of the high-concentration

elements in solution is not affected by this additional treatment.
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Figure 1.15: Composition of pore solutions over time from cement pastes with 2.5PMA1000
dosed at 2 mg/g (diamond) and 4 mg/g (square) for high-concentration elements after
filtration and centrifugation: Ca (top, left), S (top, right), Na (bottom, left) and K (bottom,
right). The filtration was carried out from 50 g of admixed cement paste.

.5.2 Influence of pore solution composition on rheology

We showed that PCEs alter the dissolution and nucleation of hydrates and the

significant increase of the amount of low-concentration elements, mainly Al and Mg,
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is the main expression of this change at the beginning of the hydration. This
mechanism is dependent on both polymer architecture and dosage. Indeed, pore
solutions filtered from cement pastes with polymers having high C/E ratio are
generally less concentrated in Al, Mg, Fe, and Si with respect to pastes with polymer
with C/E = 2.5. This is observed as a result of a better dispersion with polymers

having high C/E ratio, at given dosed charges.

The amount of the low-concentration elements drastically increases when the
polymer is added directly with the mixing water. This scenario is totally altered
when the polymer is added few minutes after the mixing water, regardless of the

type of used polymer.

The amount of the high-concentration elements does not seem to be affected by the
structure of the polymer, but rather by the dosage. Also, the delayed addition of the

polymer does not influence the overall composition of the cement pore solutions.

Interestingly, we observed that the amount of the low-concentration elements tends
to decrease exponentially over time. However, the beginning of this decay cannot be
directly related to the time at the onset, corresponding to 183, 265, 337 minutes for
the 2.5PMA1000 dosed at 2, 3, and 4 mg/g, respectively. The same consideration is

valid also for the high-concentration elements.

At the beginning of the hydration, small nuclei are stabilized in the interstitial fluid
by the presence of the polymer, that influences also their size. Therefore, we
hypothesize that this decay observed over time might be due to the growth and
precipitation of the hydrates on the cement grains resulting in a reduced
concentration in solution. Under such conditions, these hydrates cannot be then
easily separated from the paste. The fact that the centrifugation did not show a
significant and systematic changes in pore solution composition over time might be
related to the sample preparation involving a first filtration with a 0.45 pm syringe
filter. However, we show that the concentration decay is influenced by the polymer
dosage and we support the idea that the polymer structure could also play a

significant role. At this stage, based on the above-mentioned arguments, the
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formation of complexes claimed in Chapter 4 to justify the increase of the low-

concentration elements cannot be excluded.

[.6 Conclusions

A reliable procedure for preparing cement pore solution for ICP measurements is

presented, underlining the detrimental effect caused by an incomplete filtration.

As shown in Chapter 4, the increase of the amount of the low-concentration element
by increasing the PCE dosage is confirmed. It was also demonstrated that polymers
with different structures affect the final concentrations differently. Also, the delayed
addition of PCEs plays a role, decreasing the amount of the low-concentration
elements at similar and very low levels found in solutions filtered out from plain
mixes. In both addition modes, the amount of Ca, Na, S, and K does not vary

significantly with PCEs dosages.

Interestingly, the amount of the low-concentration elements varies substantially
over time. At the beginning of the hydration - generally within one hour -, their
concentration is high and it depends on the initial PCE dosage used. Afterwards,
their amount in solution drops exponentially. Unfortunately, it was not possible to

correlate this evolution with the rheological properties (mainly the onset time).
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Supplementary material for
chapters 5 and 6

[1.1 Quantification of PCE charges by acid-
base titration

The characterization of the main characteristics of the polymers used in the present
work is summarized in Chapter 5. Besides the molar mass, the number of charges on
the backbone is a property of major interest. In fact, the latter affects the affinity and

thus the adsorption mechanism of the polymer onto the cement particles [12,91].

Acid-base titration is a titrimetric method, in which an acidic or basic titrant reacts
with the analyte that is present in solution. The signal is a volume. The equivalent
point occurs when equivalent amounts of analyte and titrant react according to the
stoichiometry of the reaction. The concentration of the analyte can be calculated
considering the concentration of the titrant reacting with the analyte and the volume
added at the endpoint (which should be as close as possible to the equivalent one)
[322]. A specific acid-base titration in Ultrapure Water (UPW) was developed for
PCEs and results are compared to the those obtained by High-Performance Liquid

Chromatography.
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[I.1.1 Materials and methods
1I.1.1.1 Materials

The characterization Five non-commercial polycarboxylate ether-based comb
polymer, provided by SIKA AG, were used as superplasticizer (SP) in the present
study. They were synthesized by copolymerization. The ester and methacrylic acid
(MA, Sigma-Aldrich) were simultaneously put into the reactor filled with ultrapure
water (UPW) for four hours, to favour a more uniform charge distribution along the
backbone, and to limit the gradient of charges typical for copolymerization (Table
2.1). The used esters are Bisomer S10W and Bisomer S20W, both supplied by Geo
Speciality Chemicals, and Bisomer 5000 from Evonik Plex 6965-0. The used initiator
and the chain terminator were Na:S20s (Sigma-Aldrich, puriss., ACS reagent, 98-

100.5%) and NazS20s (Sigma-Aldrich, reagent grade, 298%), respectively.

The synthesis of these polymers is typically incomplete and residual monomers, side

chains and salts remain in solution, as reported in Table II.1.

Table IL.1: Content of the residual (w/w %) present in the original polymers and the
ultrafiltered ones. The former residuals are obtained considering the yield of reactions
provided by the manufacturer (SIKA AG, Switzerland). The latter ones are estimated by SEC
measurements conducted in our laboratory.

Residuals (%)

Original polymer  Filtered polymer

2.5PMA1000 10.2 --
2.5PMA2000 16 --
2.5PMA5000 155 11
4.0PMA1000 13.4 --
4.0PMA2000 18.1 --

However, for the present study, pure polymers are needed for a better
quantification of their amount in cement pastes. Therefore, the polymers were
ultrafiltered by a Labscale TFF System (Merck Millipore). The ultrafiltration system
was equipped with a polyethersulfone (PES) membrane Pellicon XL Biomax 5kDa
(Millipore Corporation) for polymers having side chain length of 1 and 2 kDa or a

PES membrane Pellicon XL Biomax 10 kDa (Millipore Corporation) for those
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polymers with side chain length of 5 kDa. As shown in Table II.1, the residuals in the
polymer 2.5PMA5000 could not be efficiently removed, although a membrane with a

bigger pore size was used.

The molar masses of these polymers were determined by size exclusion
chromatography (SEC) with an Agilent 1260 Infinity system (Agilent Technologies,
Santa Clara, CA, USA) equipped with refractive index (RI) and multi-angle laser light
scattering (MALS) detectors. The eluent for SEC was Na;HPO4 0.067 mol/L at a flow
rate of 1 mL/min. The molar masses of the studied polymers are reported in Table

I1.3.

Table I1.2: Molar masses (Mw) of the studied PCEs, as obtained from SEC measurements with
standard calibration with PEO/PEG standards based on RI and absolute method based on
MALLS.

Mw (Da)
Standard Calibration Absolute method
by RI by MALS

2.5PMA1000 32000 31900
2.5PMA2000 47000 64000
2.5PMA5000 106000 --

4.0PMA1000 28700 25400
4.0PMA2000 40000 45700

The molar mass determination was generally done by SEC-MALS. The refractive
index increment value (dn/dc), needed for SEC-MALS, of each PCE was determined
on-line. This protocol represents the best possible approximation of the molar mass
of our polymers. However, this is effective only when the exact concentration of the

pure polymer is known.

This was not the case for the polymer 2.5PMA5000, containing about 11% of
residual chains (estimated by SEC) even after the ultrafiltration. The molar mass for
this polymer, therefore, was determined with refractive index (RI) by a calibration

based on PEO/PEG standards.

Importantly for this work, the properties of the adsorbed polymer as the layer

thickness and the surface occupied per unit mass do not depend on n [65,68,92].
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Therefore, inaccuracies on the molar mass determination are not critical in terms of

interpreting polymer structure effects.

Table I1.3: Molar masses (Mw) of the studied PCEs, as obtained from SEC measurements with
standard calibration with PEO/PEG standards based on RI and absolute method based on
MALLS.

Mw (Da)
Standard Calibration Absolute method
by RI by MALS

2.5PMA1000 32000 31900
2.5PMA2000 47000 64000
2.5PMA5000 106000 --

4.0PMA1000 28700 25400
4.0PMA2000 40000 45700

I.1.1.2 Method for charges quantification in UPW

The titration system consists of an automatic titrator (EasyPro Titration, Mettler
Toledo GmbH, Switzerland) equipped with a pH electrode suitable for aqueous
solution (EG11-BNC) and a temperature sensor (NT1000), both by Mettler Toledo
GmbH. The solution is constantly stirred during the measurement. The functionality
and the calibration of the pH electrode are periodically checked with buffer
solutions at pH 3 and 7 at 20 °C (Fluka).

The quantification of the charges is achieved by the titration of a polymeric solution,
having a known mass of 1.5 g of active polymer with a KOH solution at a known
concentration. The KOH solution used as titrant is standardized with the primary
standard potassium hydrogen phthalate (KHPt, Fluka, for HPLC, > 99.5%). The

concentration of the titrant is 0.4275 M £ 0.004 M.

A reliable quantification of the polymer charges requires that all the carboxylic
groups are protonated. This can be achieved by adding a concentrated solution of
HCI (Fluka, TraceSELECT, fuming, > 37%) drop by drop to reach pH 1.6. Therefore,
the titration evolves with two equivalent points (EQPs). The first point at lower pH
corresponds to the titration of the excess of HC], the latter at around pH 9 to the

titration of the carboxylic groups of the polymer. This titration system can detect
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both EQPs, but it only reports the last one detected and does so giving the used

volume to reach that EQP.

To overcome this inconvenience, the polymeric solution is split in two after the
preliminary acidification with HCI. The first titration is necessary to identify the first
EQP and this value can be considered as blank. This value is then subtracted from
the one from the complete titration with two EQPs. The obtained values (expressed
as mmol) need to be normalized by the amount of pure polymer in solution titrated,

as follows:

n n n
Number of carboxylic groups = = o e (IL1)

mpolymer (mpolymer)z (mpolymer)l

where n represents the moles expressed in mmol and myqyme, the mass of the

polymer in g.

In this way, it is only necessary to know the concentration of the initial solution and

the amount of polymer in both solutions after acidification.

The number of charges can be expressed either as mmol carboxylate/g polymer or
as mg KOH/g polymer, commonly indicated as TCAV (Total Carboxylic Acid Value)
[323].

For PCEs, the number of charges can be expressed in mmol/g active polymer as:

xo = nigf - ¢/ - 1000 (11.2)

where nkf = prﬁ is the total number of repeating unit, cpr is PCE dosage by mass

RU

(mg/g cement) and Mgy is the molar mass (g/mol) of the repeat unit given by:

Mgy =P Mgc + (C/p +1) - Mgy (1L3)

with Msc and Mpp the molar masses of the side chains and the backbone monomers,
respectively, here ethylene oxide and methacrylic acid. From Equation (I1.3), the C/E
ratio can be derived as follows:

Xo(P * Mgc + Mpp)

C/ . —
/E 1000 CPCE - xoMBB

(11.4)
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[I.1.2 Results and discussion

11.1.2.1 Charges quantification in UPW

Table I1.4 reports the number of charges expressed in mmol/g of polymer from
Equation (II.1) and as TCAV. C/E ratios calculated according to Equation (II.4) are
also included. The measurements were repeated three times on three independent
polymeric solutions in UPW. For the quantification of the charges of the polymer
2.5PMA5000, the content of residuals was taken into account in the final amount of

dosed polymer used for the titration.

Table 11.4: Charges quantification of filtered PCEs in UPW at 23 °C

Number of charges

Calculated C/E
COO- (mmol/g TCAV (mg KOH/g ratio
polymer) polymer)
2.5PMA1000 2.111+£0.009 1184+ 0.5 2.80+£0.02
2.5PMA2000 1.18£0.07 66t 4 2.75+£0.08
2.5PMA5000 0.36+0.01 201 1.91+0.03
4.0PMA1000 2.87+£0.02 161+1 413+0.04
4.0PMA2000 1.77 £0.01 99.5+0.4 4.36+0.02

1.1.2.2 Comparison with HPLC

The C/E ratios calculated after the titration are compared to the values provided by
the manufacturer (SIKA AG, Switzerland) using a procedure based on HPLC analysis
(Waters Acquity UHPLC System, equipped with Evaporative Light Scattering (ELS)
and Photodiode Array (PDA) detector). The HPLC protocol involves the
quantification of unreacted monomers (methacrylic acid and methacrylic-PEG ester)
and hydrolysed side chain monomers (resulting in free PEG) by UHPLC. Knowing the
amount of the reagents introduced, the amount of reacted monomers can then be
calculated by subtracting the relative values. In this way, the composition of the final
polymer is known and the charges per mass of polymer can be calculated (personal

communication of Lukas Frunz, SIKA AG, Switzerland).
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The comparison between the two methodologies used for the estimation of the
polymer charges in Figure II.1 shows results in very good agreement. Furthermore,
this similarity confirms that these polymers, synthesized a couple of years ago, did
not hydrolyse over time in water solution with a concentration ranging between 20

and 40%.

The main advantages in adopting the HPLC protocol is that immediate results after
the synthesis can be obtained and that only a tiny amount of sample is necessary.
However, since a calibration with the original reagent used for the synthesis is

needed, this would be in principle very difficult to apply at later times.
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Figure I1.1: Comparison between acid-base titration and HPLC method for the quantification of
the charges of PCEs in UPW.

The acid-base titration is therefore more suitable for off-line and quality control
measurements over time after synthesis. Also, possible hydrolysis reactions of PCEs
in alkaline medium at different temperatures could be investigated [173]. However,
a relatively high amount of sample for a single measurement is needed, as well as an
accurate quantification of the amount of residuals. In case of ultrafiltered polymers,

the residues should be removed, so that this issue is eliminated.

[I.1.3 Conclusions

The amount of charges on the backbone of PCEs affects the initial interaction with

cement grains. A reliable quantification is therefore useful for a better comparison of
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the performance of different polymers. In this Annex, it was demonstrated that the
titration acid-base protocol provides precise results in agreement with the ones
obtained from a different technique, as HPLC. However, it is worth reminding here
that these values, whatever methods is used, would be consistent with the
performance in cement pastes only if the charges are randomly distributed on the
backbone. This implies that different polymeric fractions would in principle have a
proportional number of charges. It is generally claimed that copolymerization would
lead to less homogeneous charge distribution. However, it is expected that the
specific synthetic pathway adopted for the polymers used in this thesis should limit
this. There are, however, no quantitative studies about such issues for PCEs formed
by copolymerization. For grafted ones, the situation is not much better, with the
thesis of Ms. Gelardi (ETHZ, this group) [324] being the first to address this question

in a rigorous way.

[I.2 Adsorption isotherms

The adsorption isotherms for the five studied polymers are shown in Figure II.2.

15
_ 12
o
g ¢ .
= 09 ¢ n °
Q
£ * * ] L
> [ ]
g 06 ol ©2.5PMA1000
§ a " = 2.5PMA2000
§ 03 2 4.0PMA1000
2 + 4.0PMA2000

 2.5PMA5000
(O
0 1 2 3 4 5
Polymer dosage [mg/g]

Figure I1.2: Adsorption isotherm (at 23 °C) for the five studied polymers.

For the study of the adsorption isotherms, cement pastes were prepared in a small

batch (200 g of cement) according to the procedure described in section 4.3.2.2 and
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the solution preparation according to the procedure in section 5.2.2.4. The filtration

of cement pore solution started after 6 minutes from the first contact with UPW.

[1.3 Spread diameter in relation to heat rate

Relations between the spread diameter and the heat rate for the studied polymers at
different dosages are presented from Figure I1.3 to Figure I.7. Empty symbols at
spread flow lower than 6.5 cm were excluded in the optimization of the fit as in

Figure 5.15.

Table IL.5 reports the values of Dgo and v obtained from Figure 1.3 to Figure IL.7

according to the procedure described in section 5.4.2.
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Figure I1.3: Relation between spread diameter and heat rate for the polymer 2.5PMA1000
dosed at: (a) 2 mg/g, (b) 3 mg/g, and (c) 4 mg/g
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Figure I1.4: Relation between spread diameter and heat rate for the polymer 2.5PMA2000
dosed at: (a) 2 mg/g, (b) 3 mg/g, and (c) 4 mg/g.
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Figure IL5: Relation between spread diameter and heat rate for the polymer 2.5PMA5000
dosed at: (a) 2 mg/g and (b) 3 mg/g.
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Figure I1.6: Relation between spread diameter and heat rate for the polymer 4.0PMA1000
dosed at: (a) 1 mg/g, (b) 1.25 mg/g, and (c) 1.5 mg/g.
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Table I1.5: Summary of the intercepts Dy and the slope v for the studied polymer at different
dosages from the linear regression of D versus heat rate in the acceleration period shown in
Figure I1.3-7.

Dosage Do v
Polymer ’
Y [mg/g]  [cm]  [cm'mW/g]
2 28.18 33.77
2.5PMA1000 3 29.52 26.67
4 29.02 20.70
2 21.53 21.94
2.5PMA2000 3 23.77 15.34
4 27.02 15.02
1.78 24.76 25.61
2.5PMA5000
2.67 30.95 23.39
1 36.69 72.51
4.0PMA1000 1.25 34.61 60.17
1.5 34.87 56.66
1 42.16 69.36
4.0PMA2000
1.5 35.98 44,54

[1.4 Considerations on possible role of
roughness on flow loss

At one point in this thesis, changes in surface roughness of cement particles were
considered as a possible alternative interpretation for yield stress changes. The
explanation may have some value and might be in the background of the effects of
particle size and or surface coverage discussed in Chapter 6. Therefore, it was
decided to document the thoughts we had on this subject as an annex. The main idea

is that the formation of C-S-H at contact points between grains plays a relevant role.

[1.4.1Yield stress amplification

The equation for our master curve indicates that, after the onset, the yield stress is
amplified by an exponential function of the specific surface area (or heat rate). This

means that the yield stress at a given dispersion at time t is equal to the yield stress
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at the onset multiplied by an (exponential) function of the change in specific surface

area (or heat rate) between the onset and that time t.

From the Chapter 6, it appears that the combined contribution of changes in particle
size and surface coverage offers a quantitatively reasonable accounting of the
experimental results. However, that interpretation involves a new relation between
yield stress and adsorption that is empirically derived and for which a theoretical
interpretation is still missing. This relation is, however, very important in explaining

the exponential variation of yield stress with changes in specific surface.

Possibly that relation may be discussed in terms of an amplification factor expressed
as exponential function of adsorption. To gain insight into this question, it is useful

to rewrite Equation (5.21) as:

T a
In—t = : - (SSA, — SSAys)
Toos = 4e< (IL.5)
12 N

And take its derivative:

a
dlnro,t = ﬁ . dSSAt (IL6)
—t &
Vo N
Which is rewritten as:
dro, = © . dssA
Toe = Toe ¢ dSSA; (1L.7)
—t &
Vo N

Therefore, for a given change in specific surface, the change in yield stress will be
greater if the yield stress is already large. Qualitatively, this behaviour can be
understood as the consolidation of connections between particles. Doubling the
number of C-S-H particles in a contact zone between two particles will more than

double the strength of that connection.

Therefore, the adsorption of PCEs on cement particles directly influences this
interaction by modifying nucleation and growth of hydrates, their size and
precipitation rate on the cement surface as well as the number of interacting contact

zones according to the surface coverage.
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[1.4.2 Surface roughness in cement science

In colloid science, surface roughness is reported to greatly amplify particle capture,
accounting for some discrepancies from theoretical predictions based on DLVO
considerations for smooth and chemically homogeneous particle surfaces [325].
However, the validation of theoretical description of such effects still remains

challenging.

To some extent, the notion of roughness is analogous to using the radius at contact
points among particles, rather than particle sizes, to describe interparticle forces,
something done in the YODEL model to account for the yield stress of alumina
suspensions [126]. Here, however, we are considering a lower length scale, one at
which C-S-H plays a role in the acceleration period, probably in the range of
nanometers. In this context, it is important to note that surface roughness covers
several length scales, but that it is at the nanometric level that it plays an important
role [325-328]. Also, effects of surface roughness are more accentuated for particles
at separation distances smaller than 3 nm [329] immersed in highly concentrated

salt solutions [330,331].

Recent experiments by colloidal probe AFM demonstrated that contact forces among
opposing and similar particles are indeed enhanced by roughness [325,330]. Of
particular interest in the context of this PhD is that an increase of the ionic strength
reduces the length scale of the roughness. For our cement pastes with very high
ionic strengths, this suggests that C-S-H nuclei forming at contact points might play

an important role in the yield stress amplification.

Depending on the polymer concentration, and therefore, the layer thickness on the
surface, the roughness can be masked [330,332]. In our pastes an even more
important factor is the impact of polymers on dissolution, nucleation and growth. In
particular, it is reported that PCEs inhibit the opening of etch pits, particularly when
they are added in the mixing water [61,177,178]. Therefore, at the onset, the surface
state of cement particles may be quite different depending on the polymer type and

dosage, probably affecting the roughness development after the onset.
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[1.4.3 Role of surface roughness on flow loss

If roughness is the factor to consider, then the term al—y(vi+ e%) would be a
0

multiple of a smooth surface area that would become roughened by the addition of
C-S-H. This smooth area would increase in size as the polymer dosage is increased,
which is compatible with the inhibition that PCEs have on C3S dissolution [15]. The
role of N is less straight forward to explain. It might require including an argument

about the balance of homogeneous and heterogeneous nucleation.

) 1 )
Let us now consider the term - that should relate to a smooth surface area in
0

absence of polymer. This value is extrapolated from a concentration dependence
and does not correspond to the value found in absence of polymer, something that
can be explained by the change of nucleation balance in delayed addition (section

6.4.2). This reference surface can be estimated by polymer dosage for which:

1 Co
U_O = Eﬁ (11.8)

For a polymer with N = 4, the above equation is satisfied if co = 0.2 mg/g.
Considering that values of mass per unit surface of the studied polymers are roughly
constant (Table I1.6), we find that this dosage corresponds to an occupied surface of

about 0.1 m?/g.

Putting this in relation with the specific surface of about 2 m?/g before the onset, we

infer that only 5% of the total surface contributes to particle-particle contacts.

This value can be considered as reasonable based on the following argument. We
consider two spherical cement grains with diameters d;. If the cohesion between
them is controlled by the diameter of C-S-H, d._s_p, then the effective contact
surface would be 7 d;d sy and the ratio to the surface of a single particle would be
dq_s_p/d;. Because each particle has more than one contact, the fraction of surface
accounting for contacts would be some multiple of d.gy/d;. From the respective
values of d; and d sy calculated in section 6.3.3, the ratio d._s_/d; is estimated to
be between 1/10 and 1/20. Qualitatively, this is close enough to the 5% estimated

above, that the surface roughness hypothesis could not be excluded.
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Table I1.6: Mass of polymer per unit surface of the studied polymers. This parameter is
calculated as the ratio between the Mw reported in Table 5.3 and surface occupied by a single
adsorbed molecule according to Equation (2.7).

Mass per unit surface

PCE type [mg/m?]
2.5PMA1000 0.431
4.0PMA1000 0.418
2.5PMA2000 0.406
4.0PMA2000 0.384
2.5PMA5000 0.441

[1.4.4 Conclusions

On a qualitative basis, it is possible to develop arguments according to which
changes in surface roughness may explain yield stress changes, at least in part.
However, in the present state of knowledge it is not possible to quantify these

statements, which is why they are simply documented here as an annex.

Independently of this, yield stress changes can be well accounted for in quantitative
terms by changes in particle size and surface coverage. Therefore, effects of surface
roughness may be a second order effect or another way of explaining those same

factors, but for which no quantification is possible.
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