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ABSTRACT

Tricalcium aluminate (C;A) is one of the main constituents of Portland cement. Even though it
represents less than 10% of the total composition, its strong reaction with water can lead to a rapid
setting, called flash set. Gypsum is added to regulate this reaction and preserves the workability of
the cement paste at early ages. The understanding of the C;A-gypsum reaction is therefore crucial for
the comprehension of the early hydration of cement. The role of the amount of C;A and the sulfate
balance o cement hydration are of major interest since two important routes for the development of
new cementitious materials are the increasing rate of substitution materials and the increasing level

of aluminate in clinker.

This thesis aimed to investigate the C;A — gypsum reaction alone and in the presence of alite in order
to provide basic knowledge on the C;A-gypsum reactions and study the interactions that occur
between the cement phases when hydration occurs in alite-C;A-gypsum systems. Alite and C;A as
well as clinkers of controlled composition were synthesized. Model systems composed of C;A with
different gypsum additions and alite-C;A-gypsum systems were studied in terms of hydration

kinetics, phase assemblage and microstructural development.

This work confirmed the findings of previous works on the mechanism that controls C;A-gypsum
hydration when sulfate ions are present in solution and gave new results on the reaction when
gypsum is depleted. It was shown that AFm phases do not crystallize only as platelets that fill the
space between the C3;A grains but also form an “inner” product within the original C;A grain
boundaries and that hydrogarnet (for which the presence depends on the gypsum addition)
crystallizes as a rim around C;A grains. Moreover the influence of the gypsum addition on the
morphology of the AFm platelets and the role of their morphology on the hydration rate were
highlighted. In the presence of alite the hydration kinetics of C;A-gypsum systems was subject to
change due to the adsorption of sulfate ions on C-S-H and the reduction of the space available for the
reaction. In addition, with the correlation of calorimetric, XRD and SEM analyses it was possible to
observe a second formation of ettringite from C;A and sulfate ions released from C-S-H after the
depletion of gypsum. Finally, the rate of alite hydration related to the growth of C-S-H was shown to

be modified in the presence of C;A and gypsum.

Keywords: phase synthesis; C;A; gypsum; model cements; hydration kinetics; microstructure






RESUME

L'aluminate tricalcique (C3A) est l'un des constituants principaux du ciment. Bien qu’il ne
corresponde qu’a 10% de la composition totale du ciment, sa forte réactivité avec I'eau peut
conduire a une prise trop rapide de I'ouvrage. Des sulfates de calcium, dont le gypse, sont ajoutés au
clinker pour réguler la réaction du C;A et préserver |'ouvrabilité. L'étude de la réaction C;A-gypse est
donc fondamentale pour la compréhension de I’hydratation du ciment a jeune age. De plus, le réle
de la teneur en C;A du ciment et de la balance des sulfates dans I'hydratation du ciment présente un
intérét majeur car deux perspectives de développement de nouveaux matériaux cimentaires sont

I"augmentation des additions minérales et de la teneur en aluminates du clinker.

Ce travail de these s’est intéressé dans un premier temps a I'étude de la réaction C;A-gypse. Dans un
second temps, cette méme réaction a été étudiée dans des mélanges modeles composés d’alite, C;A
et gypse afin d’identifier les diverses interactions qui ont lieu entre les différentes phases du ciment

lors de I’hydratation.

Ce travail a confirmé les conclusions d’études précédentes sur les mécanismes qui contrélent la
cinétique d’hydratation des systéemes C;A-gypse lorsque les ions sulfates sont présents en solution et
a apporté de nouveaux résultats sur la réaction apres la consommation du gypse. Il a été observé que
les phases AFm ne cristallisent pas seulement dans I'espace entre les grains de C;A mais qu’un
produit d’hydratation « inner » se forme également. De plus, lorsque I’hydrogrenat est présent cette
phase a été observée formant une couche d’hydrate a la surface des grains de C;A. Par ailleurs, il a
été démontré que la morphologie des feuillets d’AFm dépend de la quantité de gypse initial du
mélange et que cette méme morphologie influence la cinétique de la réaction. En présence d’alite, la
cinétique d’hydratation du mélange C;A-gypse est modifiée de maniére importante en raison de
I’adsorption des ions sulfates sur les C-S-H et de la diminution de I'espace disponible pour la réaction.
Grace a la corrélation des résultats obtenus par calorimétrie, XRD et SEM, il a été possible de mettre
en évidence une formation secondaire d’ettringite apres la consommation du gypse par la réaction
du C3A avec les ions sulfates provenant des C-S-H. Finalement, il a été observé que la présence de
CsA-gypse affecte également la cinétique d’hydratation de I'alite dans les systemes multi-phasés. Une
accélération de la vitesse de réaction de cette phase lors de la période de croissance des C-S-H a été

démontrée.

Mots clés: synthese de phases; C:A; gypse; ciments modeles; cinétique d’hydratation; microstructure






RIASSUNTO

L'alluminato tricalcio (CsA) & uno dei costituenti principali del cemento Portland. Anche se
rappresenta meno del 10% della composizione totale, la sua forte reazione con l'acqua puo portare a
una presa rapida, chiamata “flash set”. Del gesso € quindi aggiunto per regolare questa reazione e
preservare la lavorabilita della pasta di cemento. Le richerche sulla reazione C;A-gesso sono
fondamentali per la comprensione dell’idratazione del cemento. L'aumento del tasso di materiali di
sostituzzione e I'aumento del livello degli alluminati nel clinker saranno due importanti vie di
sviluppo di nuovi materiali cementizi ed e per questo che al giorno d’oggi c’é un interrese crescente

per il ruolo del C;A nell’ idratazione del cemento e del'equilibrio dei solfati.

Questa tesi si € concentrata inizialmente sullo studio della reazione C;A-gesso. In un secondo tempo
guesta stessa reazione e stata studiata in miscele costituite da alite, C;A e gesso per identificare le

varie interazioni che si possono verificare fra le principali fasi del cemento durante l'idratazione.

Questo lavoro ha confermato le conclusioni di precedenti studi sui meccanismi che controllano la
cinetica di idratazione dei sistemi C;A-gesso quando gli ioni solfati sono presenti in soluzione e ha
portato nuovi risultati concernenti la reazione dopo il consumo del gesso. E 'stato mostrato che le
fasi AFm non cristallizzano solo nello spazio presente tra i grani di C;A ma che un prodotto
d’idratazione “inner” si forma. Inoltre, quando I'idrogranato € presente, questa fase forma uno strato
di idrato sulla superficie dei grani di C;A. Inoltre, & stato dimostrato che la morfologia della fase AFm
dipende della quantita iniziale di gesso della miscela e che questa stessa morfologia influenza la
cinetica di reazione. In presenza di alite, la cinetica di idratazione del sistema C;A-gesso € modificata
in modo significativo a causa del adsorbimento degli ioni solfati sul C-S-H e della riduzione dello
spazio disponibile per la reazione. Grazie ad una correlazione dei risultati ottenuti con la calorimetria,
XRD e SEM, é stato possibile evidenziare una formazione secondaria di ettringite dopo il consumo di
gesso per reazione del C;A con gli ioni solfati provenienti dal C-S-H. Infine, & stato osservato che la
presenza di C;A e gesso modifica la cinetica di idratazione dell’alite accelerando il tasso di reazione di

questa fase durante la fase di nucleazione e crescita.

Parole chiavi: sintesi di fasi; C3A, gesso; cinetica d’idratazione; microstruttura
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CHAPTER 1 INTRODUCTION

Cement is mainly composed of calcium silicate, calcium aluminate and calcium sulfate phases. When
mixed with water all these phases react to form products that lead to the setting of the cement
paste; these reactions are called hydration. Understanding the chemical reactions that cause this

material to harden is of interest for both academia and industry.

From an industrial standpoint, there is a growing wish for the development of more sustainable
materials. Indeed, concrete is by far the most used material in the world (more than 1m? or 2 tons
being produced per person per year worldwide). On a unit basis the associated CO, emissions are
lower than alternative materials [1], but due to the huge volumes, cement production accounts for
some 5-8% of manmade CO,. Since there is no satisfactory alternative to cementitious materials,
improvements in sustainability of these materials must be made. Therefore to lower CO, emissions it
will be necessary in the future to use an increasingly wide range of cementitious materials optimized
according to locally available ingredients. This is a great challenge, as concrete is a complex material,
currently relying on largely empirical knowledge for use. More complete understanding of the basic
mechanisms of hydration is needed to provide a rational basis for new mix design as well as the

selection of mineral additions and the development of chemical admixtures.

From an academic point of view the complexity of the hydration reactions of the cement phase
offers interesting challenges in experimental techniques and modeling methods. One of the main
centers of interest is the development of numerical models than can predict properties from the
microstructure. For examples, one of the core projects of the Laboratory of Construction Materials at
EPFL aims to determine the kinetics and microstructural development of the hydration reactions to
simulate a microstructure from which behavior can be predicted using an integrated modeling and
experimental approach. The model pic (pronounced MIKE) has been developed by Bishnoi [2] based
on the experimental work of Costoya [3] on alite hydration. Even though alite does not completely
represent the hydration of Portland cement, it has often been studied in a first approach to simplify
the investigation of cement hydration as it is the major compound of clinker and dominates the early

reactions.



However the calcium aluminate and calcium sulfate phases have an important role in the early
hydrations and their reactions need to be understood in order to be further integrated in numerical

models or taken into account in the development of new cementitious material.

The aim of this thesis is therefore to generate basic knowledge on the tricalcium aluminate (C;A) —
gypsum reaction and in a second time to study the interactions that can occur between C;A-gypsum
and alite when hydration occurs in multi-phase systems such as alite-C;A-gypsum which is the most

basic model cement that react as a Portland cement.

Even though C;A represent less than 10% of the Portland cement its high reactivity can influence the
rheology and the setting time of the cement [4]. In order to regulate its reaction calcium sulfate is
added. The understanding of the C;A-gypsum reaction is therefore crucial for the comprehension of
the early hydration of cement. However, it has to be kept in mind that cement hydration is not only
the simple sum of the reactions of its constituents, but the result of multiple interactions between all
the phases. The comprehension of the interactions that occur between alite and C;A-gypsusm when
hydration occurs in multi-phase systems is also necessary for the improvement of models such as pic
and the development of more sustainable cementitious materials. The influence of the cement
composition on the hydration kinetics and microstructural development, in particular the amount of
C:A and the sulfate balance are of special interest since two very important routes for the
development of new materials are increasing levels of addition and increasing level of aluminate in

clinker.

In this work, pure clinker phases were synthesized and model systems of different compositions were
prepared and their hydration studied in terms of kinetics, phase assemblage and microstructural
development. The data generated by this thesis were also used for the development and the

validation of pic as developed in the thesis of A.Kumar at EPFL (in progress).

This document is structured as follow:

Chapter 2 presents the protocols used for the synthesis of the cement phases as well as the

characterization of the powders produced. Furthermore, the techniques used to investigate the

hydration of the model systems are described.

In Chapter 3 the study of hydration of C;A-gypsum systems is presented. The influence of the gypsum

content on the kinetics, the phase assemblage and the microstructural development are described.



Important key points such as possible mechanisms that control the hydration rate during the first
days of hydration are detailed. Moreover, the microstructural development is carefully described up
to 28 days of hydration. The influence of the gypsum content on the microstructure and the chemical

composition of the hydrates is discussed.

Chapter 4 presents the study on alite-C3A-gypsum systems. The nature and the effects of the
interactions that occur between the cement phases when hydration take place in multi-phase
systems are investigated. The influence on the hydration of the individual cement phases of the
relative time of occurrence of aluminate and silicate reactions, which is determined by the sulfate
content, as well as the influence of the C;A content and the distribution of the anhydrous phases are
described. The differences and similarities observed in the microstructural development of systems

composed of the individual phases and multi-phase systems are also highlighted.

Finally in Chapter 5 the most important findings of this work are summarized and some perspectives

for future work are given.
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CHAPTER 2 SYNTHESIS OF PURE PHASES AND TECHNIQUES

This chapter describes the protocols for the synthesis of pure phases and pure clinker, followed by a

description of the techniques used for the hydration study.

2.1 Alite synthesis

Tricalcium silicate is an orthosilicate containing discrete Si0,"* tetrahedra and O” ions as anions.
Three triclinic (T), three monoclinic (M) and one rhombohedral (R) forms exist. C3S is stable, with
respect to C,S + C, between 1250°C and 1800°C, but, it can be stabilized at room temperature by
guenching. In clinker C5S is usually impure and referred to as alite. The impurities have a strong
influence on the polymorph that can be obtain. In cement clinker, the most frequent impurities are

Mg?", AP* and Fe*'[1] and the monoclinic polymorph, usually M; or Msis predominant.

In this study, alite was prepared by mixing calcium carbonate (CaCO;) and silica dioxide (SiO,) (with a
molar ratio of 3:1) with the addition of 1 wt% aluminum oxide (Al,03) and 2 wt% magnesium oxide
(MgO) according to the protocol developed by Costoya [2]. The details of the reactants are given in
Annex 1. The reactants given in Table 2-1 were mixed with demineralized water (1L) by ball milling

for 24 hours in a 5L jar mill.

Table 2-1: Mass of reactants used for alite synthesis (in a 5L jar mill). These values include the ignition loss of

the raw materials.

CaCoO; 635.8¢g
Sio, 130 g
Al,05 51g
MgO 103¢

Then the blend was dried (24h at 100°C) and ground (hand grinding using a mortar) to obtain a
powder. The powder was pressed into pellets of 5 cm diameter and 1 cm high with a pressure
100kP/cm?. The pellets were then burned in an electrical furnace (tubular furnace Nabertherm RHTH

120-600 /17) according to the firing process described in Figure 2-1.



T =1600°C
t=8h

Temperature
“%

time

Figure 2-1: Firing cycle used for alite synthesis

At the end of the firing process the pellets were cooled rapidly by air quenching. Finally the pellets
were ground (with a ring grinder from Siebtechnik 22cm of diameter and 5 cm height) and sieved.

Only the particles finer that 100um were kept for the study of the hydration reaction.

With these Al and Mg proportions the polymorph Mj is obtained. Al and Mg ions influence the grain
growth of C5S. Magnesium ions increase the quantity of the liquid phase during the firing process and
decrease the viscosity of the mix allowing a better diffusion of the chemical species and favoring the
growth of larger grains compared to pure CsS. In alite phase, Mg®* substitutes Ca*" and AI** substitute

preferentially silicon sites stabilizing the T4, T, and M; polymorphs at room temperature [2].

The purity of the phases synthesized was checked by x-ray diffraction (XRD) (Figure 2-2) and scanning
electron microscopy (SEM) (Figure 2-3). Rietveld refinement was used to quantify the %wt of C3S and
impurities such as CaO. Less than 1% of free lime was detected in the synthesized alite, which was
our target. The particle size distribution (PSD) of the final product was measured by laser diffraction
(Mastersizer 2000, Malvern Instruments Inc) using isopropanol as dispersant. A similar particle size

distribution to ordinary Portland cement was obtained with this protocol (Figure 2-4).
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Figure 2-2: Rietveld refinement for alite. 0.72% of free lime was detected.
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Figure 2-3: SEM — BSE image of anhydrous alite. Only traces of free lime were observed as foreign phases.
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Figure 2-4: Comparison of PSD of the synthesized alite powders and OPC (Italcementi). Similar PSD’s were

obtained for alite and OPC.



2.2 Tricalcium aluminate (CsA) synthesis

Tricalcium aluminate is generally cubic when it is pure. In commercial clinker, Fe*", Mg*, Na*, K" and
Si** are found in solid solution and the alkalis may change the symmetry of the structure from cubic
to orthorhombic and monoclinic [1]. In this study only cubic C;A was used. The protocol developed to
synthesize C;A was base on the protocol for alite synthesis of Costoya [2] and the protocols for pure

phase synthesis of Di Murro [3].

The synthesis of pure C;A was not straightforward and several unsuccessful attempts lead to the
following protocol: C;A was synthesized first of all by mixing stoichiometric amounts of CaO (from
CaCO3) and Al,0s. However, in some batches some mayenite (C1,A;) was identified by a XRD peak
around 18°. This phase is a transitional phase that appears during C;A synthesis as presented in
Figure 2-5 [4]. The presence of mayenite is not acceptable as it was found that this phase completely

change the kinetics of the C;A-gypsum reaction leading to a flash set.

CaCO; + 0-ALOs

CaO + AlLO;

|

CaAlOs;

Ca0 N

CasALOs CaALO,
l Ca0

CapAl Oy

Figure 2-5: Reaction scheme for the formation of C;A at high temperature from CaCO; and Al,0;. The phase

C1,A; (Mayenite) is an intermediate phase that form during the synthesis process. Reproduced from [4].

As XRD patterns of the final product did not show any residual CaO, which would have been the case
if the reaction was not complete, some additional CaO (as CaCO;) was added in the initial mix and the
total amount of initial material was increased in a second time to avoid material loss during the

synthesis process as shown in Table 2-2.



Table 2-2: Correction of mass of reactants for C;A synthesis used to overcome the problem of the presence of

mayenite. Both mass were increased and additional CaCO; was added. (Mass of reactant used for a 5L jar

mill)
CaCo; 300g > 460.9 g
Al,O; 102g > 153 g

With this addition of CaCO; in the initial mix, no traces of mayenite were detected by XRD. However,

small amounts of CaO were observed (1 to 2.5 %).

As for alite synthesis, the raw materials were mixed with water by ball milling. Then the blend was
dried and ground to obtain a powder. The powder was pressed into pellets of 5 cm diameter and 1
c¢m high and burned following the firing process described in Figure 2-6.

A

T =1400°C

T =1000°C P

~ t=8h
D
v

Temperature

time
Figure 2-6: Firing cycle used for C;A synthesis. A plateau at 1000°C was done to ensure complete

decarbonation.

Contrary to alite production, a plateau at 1000°C is necessary to ensure complete decarbonation of
the CaCOs. A second firing with an intermediate grinding is also required to obtain C;A. For the
second firing the plateau at 1000°C is not necessary. Without this second firing process some Al-rich
phase can remain between the grains as shown in Figure 2-7. As this Al-rich phase (that have a
composition closer to CA than C;A from EDS analysis) is amorphous and cannot be detected by XRD.

SEM imaging was therefore necessary.



Figure 2-7: SEM — BSE image of a C;A pellets (not ground) after one firing cycle. Amorphous Al-rich phase can

be observed between the C;A grains.

With two firings process pure cubic C;A was finally obtained. No traces of other phases (except free

lime) were observed by XRD (Figure 2-10 to Figure 2-12) and SEM (Figure 2-8).

Figure 2-8: SEM — BSE image of a C;A powder after two firing cycles. The grains are composed of pure C;A

with some traces of free lime.

The final C;A was sieved and only the particles passing a 80um sieve were kept and PSD was

measured.
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Figure 2-9: PSD of the synthesized C;A powders and Gypsum. Although the same protocol was used for the

synthesis of all the C;A batches, differences in the PSD’s were observed between the different batches.

It was difficult to obtain reproducible PSDs between the different batches as can be seen in Figure
2-9. As the PSD has a large influence on the C;A reaction kinetics [5] only the results coming from the

same batch of powder are compared in the following chapters.

The gypsum used in this study is calcium sulfate dihydrate from Merck ground 1 min in a ring grinder

to obtain a finer powder. The PSD of the gypsum used in this study is also presented in Figure 2-9.
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Figure 2-10: Rietveld refinement for C;A - Batch A. 1.2% of free lime was detected.
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Figure 2-11: Rietveld refinement for C;A - Batch B. 1.8% of free lime was detected.
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Figure 2-12: Rietveld refinement for C;A - Batch C. 2.3% of free lime was detected.



2.3 Synthesis of polyphase clinkers

In order to study more realistic model cements than mixtures of pure phases, polyphase clinkers

made of alite and C3;A were also synthesized. The protocol developed to synthesize these clinkers is

based on the protocol for alite synthesis of Costoya [2] and the protocols for polyphase clinker

synthesis of Di Murro [3]. To obtain a polyphase clinker with C;A in the alite grains as represented in

Figure 2-13 the reactant for alite and C;A synthesis were mixed together from the beginning of the

process following the proportions given in Table 2-3.

9.y
y

Figure 2-13: Schema of a polyphase clinker made of alite and C;A

Table 2-3: Mass of reactants used for clinker synthesis (in a 5L jar mill). These values include the ignition loss

of the raw materials.

Clinker 92/8

(92% alite/8% C;A)

Clinker 90/10

(90% alite/10% C5A)

Clinker 94/6
(94% alite/6% C5A)

CaCo; 3776¢g 376.7¢g 378.6¢
SiO, 71.8¢g 70.2 g 733g
Al,O; 119¢g 141¢g 9.7g
MgO 57¢g 56¢g 58¢g

As in the case of alite and C;A syntheses the blend was ball milled with water for 24h, dried, ground

and pressed into pellets. The pellets were fired following the firing cycle given Figure 2-14 with a

rapid cooling by air quenching at the end of the process. The pellets were finally ground and sieved.

Only the particles smaller than 100um were kept.
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Figure 2-14: Firing cycle used for alite-C;A clinker synthesis. A plateau at 1000°C was done to ensure

complete decarbonation.

The purity of the final product as well as the exact composition was checked by XRD and Rietveld
refinement as shown in Figure 2-17, Figure 2-18 and Figure 2-19. Alite/ C;A ratios obtained from
Rietveld refinement were not exactly the targeted ones as some free lime was always present in the
sample. Even thought the targeted composition was not exactly achieved, experiments were carried
out with this polyphase powder as three polyphase grains with different C;A content were obtained.

The name of the samples refers however to the targeted composition.

SEM imaging was also used to check the polyphase nature of the grains (Figure 2-15) and finally the

particle size distributions of the clinkers were measured (Figure 2-16).
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Figure 2-15: SEM-BSE images of an anhydrous polyphase clinker. C;A can be observed in the alite grains.

Traces of free lime can also be observed in the bigger clinker grains.
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Figure 2-16: PSD of the synthesized polyphase clinkers. Reproducible (and similar to OPC) PSD’s were

obtained for all the clinkers synthesized with this protocol.
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Figure 2-17: Rietveld refinement for Clinker 92/8. An alite to C;A ratio of 89.5/8.9 was obtained and 1.6% of

free lime was detected.
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Figure 2-18: Rietveld refinement for Clinker 90/10. An alite to C;A ratio of 82.1/11.5 was obtained and 4.3

and 2.1% of free lime were detected.
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Figure 2-19: Rietveld refinement for Clinker 94/6. An alite to C;A ratio of 90.5/7.8 was obtained and 1.7% of

free lime was detected.
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2.4 Summary for synthesis of pure phases

=  Mix the reactants with water by ball milling for 24h in a 5L jar. The mass of reactant are

summarized in Table 2-4.

Table 2-4: Mass of reactant and water used for the synthesis of pure phases in a 5L jar mill.

CaCO3 [g] | SiO2[g] | AI203[g] | MgO [g] | Water [g]
Alite 638.5 130 5.1 10.3 1000
CA 460.9 - 153 - 750
Clinker 94/6 378.6 73.3 9.7 5.8 750
Clinker 92/8 377.6 71.8 11.9 5.7 750
Clinker 90/10 376.7 70.2 14.1 5.6 750

= Drythe blend in a oven at 100°C for 24 hours.
= Grind the mass by hand using a mortar to obtain a homogenous powder.
= Press the powder into pellets (5 cm diameter, 1 cm thick).
=  Firing cycle:
= For alite: 200°C/h up to 1600°C — 1600°C for 8 hours
= For C3A: 200°C/h up to 1000°C — 1000°C for 8h - 200°C/h up to 1400°C — 1400°C for 5h —
intermediate grinding - 200°C/h up to 1400°C — 1400°C for 5h
= For clinker: 200°C/h up to 1000°C — 1000°C for 8h - 200°C/h up to 1550°C — 1550°C for 8h

= Grind the pellets.

= Sjeve the powder. In this study a 100um sieve was used for the alite and clinker powders and

a 80 um sieve was used for C;A powders.
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All the powders used in this study are summarized in Table 2-5. The specific surface area was
calculated from the particle size distribution measured by laser diffraction assuming spherical
particles and bulk densities (alite: 3150 kg/m?% C3A= 3030 kg/m?; gypsum= 2330 kg/m?). It has to be
noted that specific surface areas indicated in Table 2-5 are not precise due to too many assumptions

in the calculation and can be used only as comparative values.

Table 2-5: Summary of the powders used in this study and their calculated specific surface area (from the

PSD assuming spherical particles and bulk densities)

Composition
Specific surface area
(Rietveld refinement)

C5599,28% 674 cm’/g
Alite
Ca0 0.78%

C,A 98.80%
CA_A 2760 cm?/g
Ca0 1.20%

C5A 98.19%
CA B 4360 cm?/g
Ca0 1.81%

CsA97.67%
CA_C 4600 cm?/g
Ca0 2.33%

C,S 89.5%
PP92/8 | C;A 8.89% 2789 cm?/g
Ca0 1.61%

C5S 82.90%
CsA 11.48%
PP90/10 2800 cm?/g
C,S 4.35%

Ca0 2.08%

C5590.52%
PP94/6 | C3A 7.80% 2500 cm®/g
Ca0 1.68%

Precipitated for
Gypsum 795 cm2/g
analysis from Merck
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2.5 Sample preparation and techniques used to investigate the hydration

reaction

2.5.1 Preparation of pastes

Model systems containing different phases were prepared by dry mixing in a Turbula shaker-mixer
(250 ml) for 8 hours and then gently co-ground for 5 min by hand in a mortar. This last operation may
probably change the PSD of the powder. However, all the powders follow the same preparation

procedure. Even pure alite follow this procedure in order to be compared to other systems.

Pastes were prepared at room temperature with a vertical mixer IKA Labortechnik RW20.n.
Deionized water corresponding to a w/c ratio of 1 for C;A-gypsum pastes and 0.4 for the other

systems was added to 10 to 25g of powder and mixed for 2 min at 500 rpm.

2.5.2 Hydration kinetics: Isothermal calorimetry

As the overall heat balance of cement hydration is sufficiently exothermic, its reaction can be
continuously followed by isothermal calorimetry. Isothermal calorimetry is a non invasive and easy
method to investigate hydration kinetics. It is however important to note that the heat evolution
curve corresponds to the contribution of all the on going reactions and the peaks may be due to
more than one reaction. Calorimetric measurements were carried out in an isothermal calorimeter
TAM Air from Thermometric. This machine consists of 8 parallel twin measurement channels. One
cell is dedicated to the sample, the other to a reference vessel. The reference is used to improve the
signal to noise ratio and to correct measurement and temperature artifacts. The difference of heat
flow measured between the hydrating cement and the reference is proportional to the rate of heat
evolution of the cement paste. In this work 20ml glass ampoules were used for both the sample and

the reference container. Water with the same thermal mass as the sample was used as reference.

Pastes were mixed outside with the procedure previously described and the samples were
introduced into the calorimeter as soon as possible after the mixing. Due to the difficulty to produce
large amount of pure phases, the amount of paste used for the isothermal calorimetry experiments

was reduces to a minimum quantity: 3 to 5g of paste.
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2.5.3 Phase assemblage: x-ray diffraction

X-ray diffraction (XRD) patterns were collected using a PANalytical X’Pert Pro MPD diffractometer
(X’Celerator detector) in a 8-8 configuration with a CuKa radiation (A=1.54 A), a fixed divergence slit

size 0.5° and a rotating sample stage.

To follow the evolution of the phase assemblage at early ages, in-situ XRD measurements were
carried out. The same sample of fresh paste was measured continuously during the first 2 to 3 days
of hydration. To avoid water loss and contact with CO, during hydration, a protective film (kapton
film HN50 form Maagtechnic) was used to cover the cement paste. In order to follow the reaction
with a representative sampling rate, the range of angles scanned was reduced to the minimum
necessary for phase identification: 7 to 36°, leading to a sampling rate of 14 minutes with a step size

of 0.017° acquired for 57 s at a scan speed of 0.04°.s-1.

This technique presents several advantages for the hydration study. Patterns of a good resolution
can be obtained with realistic samplings rate. The use of wet samples instead of dry slices is
particularly useful in the case of study of the aluminate hydrates such as ettringite and AFm as these
hydrates deteriorate using usual drying techniques (e.g. [6]). Moreover the C;A-gypsum samples, that
are very sensitive to carbonation, seem to be quite well protected from reaction with CO, with the

use of the kapton film.

All the collected scans were plotted in a tridimensional plot (x= time, y= angles, z=counts). The
background was calculated and removed. A peak representative of a phase was then isolated and the
evolution of this phase was calculated from the peak area (see Figure 2-20). The evolution of each

phase was normalized to its maximum measurement.

10000
€000 .

6000 |
4000

Gt
e
o

000

000

o

2000 £ a0

e 2

-2000
B0

romalized peak mrea
5

2000, .
60

o o

40 =0 L

(b} (c)

Figure 2-20: In-situ XRD data processing: (a) XRD pattern were collected during the first days of

hydration with a sampling rate of 14min. (b) For each phase one representative peak was selected. (c) The

evolution of the phase over time calculated from the peak area and normalized to its maximum.
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One observed possible sources of error is the absorption of the signal by the water film that forms
between the sample and the kapton foil during the first 2 to 5 hours of hydration. Due to this
absorption it can sometimes seems that a phase is forming (peak increases) while it should be
dissolving. This is a measurement artifact that cannot be avoided at realistic w/c ratios. Moreover,

possible preferential precipitation of hydrates at the surface may occur.

With this technique it was possible to follow the phase assemblage during the first hours of
hydration and compare it to the calorimetric heat evolution profile. To ensure the comparability of
the results the same original paste was separated in two parts after mixing: one part for the XRD
measurements and the other for the calorimetry. The temperature in the XRD chamber was quite
high but stable around 26- 26.5 °C when XRD measurements were running. The calorimetric
measurements were therefore carried out at the same temperature (26°C) to ensure the

comparability of the results.

For the study of the phase assemblage at later ages, pastes were prepared and hydrated in sealed
containers. At defined times, the cylinder of cement paste was cut into slices for XRD measurements.
With this technique, XRD patterns of good quality can be obtained as there is no absorption of the
signal by kapton or water film. However, this technique can be used only for set samples. Even if
great care was taken to refill the sample container with N, after opening; some carbonation of the

very sensitive samples could not be avoided.

2.5.4 Microstructure: Scanning Electron Microscopy

Scanning electron microscopy is one of the most used techniques for investigating the microstructure
of cementitious materials during hydration reaction. In this study a FEI quanta 200 SEM microscope
with an accelerating voltage of 15kV and a Bruker AXS XFlash Detector for energy dispersive X-ray
analyses were used.

Cements pastes for microscopy study were cast into small plastic containers and stored for hydration
at controlled temperature. The hydration was stopped by freeze drying. The sample (with its
container) was immersed in liquid nitrogen (-196°C) for about 15 min. Due to the small size of the
sample the pore water is almost instantly frozen and excessive microcraking is reduced. The frozen
water was then removed by sublimation in a Telstar Cryodos freeze-dryer. Once dried, the samples
were prepared for BSE-SEM observation by epoxy-impregnation (EPOTEK-301) and polished with a

diamond powder down to 1um.
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CHAPTER 3 TRICALCIUM ALUMINATE- GYPSUM SYSTEMS

3.1 State of the art

3.1.1 Overview

When hydration of C;A occurs alone, C;A reacts quickly with water to form platelets of calcium

aluminate hydrates:

2C,A+21H — C,AH , + C, AH,

Depending on the water activity the AFm phase C,AH;3 may contain more water in the interlayer and
exists as C;,AH,q All these hydrates are metastable with respect to cubic hydrogarnet (C;AHg) to which
they finally convert [1]. The formation of C,AH;; or C,AHs during hydration depends on the
concentration of calcium hydroxide in solution. It is expected that solutions with low Ca** content will
lead to the preferential precipitation of C,AHg and solutions rich in Ca®* like in Portland cement will
lead to the formation of C4,AH4; [2]. As the x-ray diffraction patterns of these two hydrates are very
close, the distinction between the two products has to be done considering the intensities of the
peaks. For example, in C;A-water solutions Jupe [3] identified C,AHs as an intermediate hydrate and
Christensen [4] observed C;AH,q before the formation of C;AHg in C;A-water systems containing low
amount of gypsum (less than 10 wt%). In her conductimetry experiments of C;A hydration in water
and in solution saturated with respect to CH Minard [2] observed that the hydrates forming during
hydration in both systems did not have the exact stoichiometry of one of these hydrates but always
had a C/A ratio between the two compositions. She concluded that there exist solid solutions
between these two products during C;A hydration with, in any case, the final conversion into

hydrogarnet.

The reaction of C;A with water is a rapid and highly exothermic reaction. Even though cements
contain only about 10wt% of C3A, the high reactivity of this phase can lead to rapid setting of the
cement paste called flash set. Calcium sulfates such as gypsum, anhydrite and hemihydrate are
generally added to cement to control C;A hydration. In the presence of calcium sulfate a calcium

sulfoaluminate compound, named ettringite or AFt, is formed:
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C,A+3CSH, +26H — C,A$,H,

If, as it is always the case in cement pastes, unreacted C;A remains when the supply of sulfate ions

runs out, there is a surge in its hydration and the remaining C;A reacts with ettringite and water to

form monosulfoaluminate (AFm):

2C,A+C,A$,Hy, +4H —3C,ASH,,

The different calcium (sulfo)- aluminate hydrates have characteristic morphologies. AFm phases form

hexagonal platelet crystals [1] and ettringite crystallizes as long needle-like crystals under condition

of low supersaturation and as short prisms with hexagonal cross section under high supersaturated

conditions [5, 6].

Different evolutions of the microstructure are reported in the literature depending on the gypsum

content.

24

At low gypsum contents, the formation of a foil-like amorphous coating on C;A grains was
observed by Meredith et al. [7] within the first minutes of hydration. As hydration proceeds

the formation of irregular plates of calcium aluminate hydrates is reported.

For pastes with intermediate gypsum content, the formation of AFm phase on C;A grains at
the very beginning of the reaction has been reported [6, 8, 9], followed by crystallization of
ettringite rods and the development of hexagonal platelets near the C;A grains [7]. Ettringite
dissolves when the sulfate content of the solution is low, transferring ions through solution
to the hexagonal platelet phase forming a solid solution of hydroxy-AFm and
monosulfoaluminate [8]. The solid solution series between hydroxy-AFm and
monosulfoaluminate was investigated by Matschei et al. [10]. They show that up to a
substitution of 50 mol% SO, by OH a single solid solution with XRD peaks close to
monosulfoaluminate exists (Figure 3-1). A limited incorporation of sulfate in the hydroxy-
AFm end member was also observed. The existence of a miscibility gap between both end

members was confirmed by this study.
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Figure 3-1: XRD patterns of solid solutions between monosulfoaluminate and hydroxy-AFm. Up to a
substitution of 50 mol% SO, by OH" a single solid solution with XRD peaks close to monosulfoaluminate

exists. Reproduced from [10].

= For higher gypsum content pastes, only the formation of ettringite needle-like crystals is

reported in the literature [8].

The studies of Minard et al. [9] and Pourchet et al. [11] show that in the presence of gypsum, AFm
phase is always formed at the very beginning of the reaction independently of the gypsum content in
the C;A-gypsum paste. Pourchet et al. also showed that this initial precipitation of AFm that occurs in
the presence of gypsum is avoided when hemihydrate is present. This was attributed to the fact that

the concentration of sulfate in solution increases in the presence of hemihydrate.

As already shown by Mehta in 1969 [5], the saturation of the solution with respect to CH may
influence the morphology of the hydrates. Hampson and Bailey [8, 12, 13] carried out many
experiments in the early 80’s on the influence of the pH of the solution on the microstructural
development on C;A-gypsum pastes at early ages. They observed at low pH (11.8), a rapid dissolution
of C;A grains resulting in a microstructure of only long ettringite needles, or ettringite needles and
platelets of AFm depending on the gypsum content after only 30minutes of hydration. At high pH
(12.5), substantial amounts of unreacted C;A with short ettringite crystals were observed by the
authors even after several hours of hydration [8]. Another important feature of their research is the
effect of the pH on the location of the precipitated hydrates in the microstructure. At low pH they
observe the rapid precipitation of fibrous calcium alumino-sulfate hydrates at distance from the
dissolving phases while when pH was raised to 12.5 the hydrates precipitated only in the region

adjacent to the C3A surface [8].This phenomenon was related by the authors to the gradient in
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concentration and the degree of super saturation of the solution with respect to the dissolving

phase.

3.1.2 Effect of calcium sulfate on C;A hydration

The mechanisms by which the calcium sulfate acts with C;A to slow down the hydration process have

been intensively discussed in the last 30 years and two main hypotheses exist.

On the one hand, some authors state that in the presence of sulfate ions the C;A hydration is

controlled by diffusion though a hydrate layer. However a variety of opinions exist on the nature of

this layer:

For several authors the hydration of C;A it is slowed down by the formation of a coating of
ettringite crystals on C;A grains. Due to increment of volume resulting from the ettringite
crystallization, the pressure increase and the layer breaks leading to an acceleration of C;A
hydration [14, 15].

Corstanje [16-18] evokes an aluminate gel barrier on the C;A grains with incorporated
calcium and sulfate.

For others, the reaction is slowed down by the precipitation of AFm platelets on the grains
together with ettringite [19, 20].

Scrivener reported a complex layer composed of AH; and ettringite that may also contain

C,AH;5 and monosulfoaluminate and/or their solid solutions. [6, 21].

On the other hand, the adsorption of sulfate ions on C;A grains is proposed to be at the origin of the

slow down of the C;A hydration in the presence of calcium sulfate.
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Feldman and Ramachadran [22] consider that it is the adsorption of the sulfates on CA
grains that decreases the dissolution rate of C;A blocking active sites. However Collepardi et
al. [14] showed that the presence of other sulfate compounds such as Na,SO, does not
influence the C;A hydration.

In their paper Skalny and Tadros [23] state that both calcium and sulfate ions of the gypsum
are responsible of the slow down of the C;A hydration. The Ca ions are chemisorbed on the
C:A grains leading to a positively charged surface where the sulfate ions can be adsorbed.
The slow down of the reaction is then due to the adsorption of sulfate on active dissolution
sites. Just positively charging the C;A surface (with CaCl, or NaCl in solution) does not affect

the kinetics of the C;A dissolution.



The recent work of Minard et al. [9] suggest that the slow down of the rate of reaction of C;A in the
presence of gypsum is certainly due to the adsorption of calcium and/or sulfate ions on C;A grains,
and not to the presence of a protective membrane. Indeed they observed a constant reaction rate of
C;A (for monosized particles) during the first part of the reaction. This means that the reaction rate is
controlled by surface mechanisms. If a protective membrane (composed of ettringite or AFm) was
controlling the reaction rate, the rate would have change with the thickening of the hydrate layer. In
addition, Scrivener and Pratt [6] pointed out that the morphology of ettringite is unlikely to provide a
substantial barrier to ion transport. Moreover, Minard et al. clearly showed that calcium aluminate
phase observed by several authors on C3A surface is an AFm hydrate. This hydrate cannot be at the
origin of the slow down of the reaction as this phase forms also in pure C;A where the reaction is not
slowed down and does not form in the presence of hemihydrate whereas the reaction rate is similar

to that in the presence of gypsum.

3.1.3 Kinetics

The kinetics of the C;A-gypsum systems have been studied is pastes by Tenoutasse [24] and
Collepardi et al. [14] and in diluted solutions by Minard et al. [9]. They all observed that this reaction
occurs in two stages as presented in Figure 3-2. A dissolution peak, followed by a period of low heat
development is generally observed first. This period of the reaction is called “the first stage” and
continues until the sulfate ions present in solution have been entirely consumed. A small exothermic
peak was observed during this period (Figure 3-2 left) by Minard et al. and was considered by the
authors to be the acceleration of ettringite formation which follows a classical process of nucleation
and growth. This peak was only observed in diluted solutions. Several authors report that ettringite is
not the only hydrate that is precipitated in this first period of hydration, a hydroxy-AFm phase

containing sulfate ions is also precipitated during the first minutes of hydration [8, 9, 11].

After the consumption of gypsum, a second strong exothermic peak occurs and finally the heat flow

decreases slowly to zero. This is the second stage of the reaction.
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Calorimetric curve of a C;A-gypsum systems in diluted

suspension (W/S = 25):
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Figure 3-2: Left: Heat flow and conductivity evolutions during hydration of C;A — Gypsum a solution
saturated with respect to CH (W/S=25). Adapted form [9]. Right: Calorimetric curve of C;A+Gypsum+inert
quartz paste (W/S=0.4). Adapted from [14]. 1* stage of the reaction: hydration in the presence of gypsum.
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2™ stage: hydration after the depletion of gypsum.

Three possible processes could control the reaction rate during the first stage of the reaction:

= The formation of ettringite
=  The dissolution of gypsum

=  The dissolution of C5A

The measurements of the ionic concentration in solution done by Minard et al. [9] show that during

this period of hydration, the concentration of sulfate ions remains constant in solution, meaning that

all the sulfate consumed by the formation of ettringite are replaced by dissolution of gypsum. The

dissolution of gypsum is therefore not the process that limits the reaction rate.

The effect of the gypsum amount on C;A hydration was investigated in diluted suspension by Minard

et al. [9] and in pastes by Tenoutasse [24]. They both observed that the time of occurrence of the

second exothermic peak, i.e. the time necessary for gypsum consumption, increased with the

gypsum quantity as shown in Figure 3-3. However, it can be observed on the calorimetric curves

presented in Figure 3-3 that all the samples have the same heat evolution curves before the

occurrence of the exothermic peak whatever the gypsum content is. Therefore, it seems that the

reaction rate during this period doesn’t depend of the gypsum content.
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In addition, the aluminum concentration is below detection limit. This last observation indicates that
the limiting factor cannot be the formation of ettringite as all the Al ions provided by the dissolution

of C3A are immediately “used” to form ettringite.
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Figure 3-3: Influence of the gypsum amount on the kinetics of the reaction in diluted suspension - W/S=25-
(left reproduced from [9]) and in pastes - W/S = 2- (right reproduced from [24]). The time of occurrence of
the exothermic peak is delayed with increasing gypsum content. A peak broadening with increasing gypsum

content can be observed in pastes.

The overall reaction rate seems therefore to be controlled by the rate of dissolution of C;A whatever
the gypsum content of the systems is. The gypsum content influences only the time of occurrence of
the exothermic peak. Moreover Minard shows that, with monosized particles of C;A, the rate of
consumption of C;A is linear during the first stage of the reaction (Figure 3-4) and depends on the

specific surface of C;A particles.
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Figure 3-4: % of reacted C;A vs. time necessary to consume the gypsum. In the case of monosize particles

the rate of reaction is constant during the first stage of the reaction. Adapted from [2].
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The second stage of reaction begins when all the sulfates ions have been consumed. The mechanism
that is controlling the reaction rate during the exothermic peak that occurs at the beginning of this

second period is still not clear.

Tenoutasse [24] observed a broadening of the calorimetric peaks with increasing gypsum content,
leading to the conclusion that the gypsum content influences the hydration rate during the second
stage of the reaction. However this point was not further developed. It is interesting to note that this
phenomenon cannot be clearly observed in dilute suspension. This indicates that the space available

for the reaction may affect the reaction as discussed later in this chapter.

The kinetics of the evolution of the phase assemblage during this period is also unclear. For
Collepardi et al. [14] the reaction of C;A and ettringite to form monosulfoaluminate is a rapid
reaction while for Minard et al. [9], the formation of monosulfoaluminate is thought to be a slow

process.
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3.2 Obijectives of the study and experimental plan

The phase assemblage generated upon hydration of C;A in the presence of gypsum depends on the
gypsum content. The reaction can be divided qualitatively in two stages: the formation of ettringite,
the duration of which depends on the gypsum content, and then the formation of
monosulfoaluminate and/or hydroxy-AFm phases. The phase assemblage after gypsum depletion
depends on the amount of sulfate in the anhydrous mix as summarized in Figure 3-5. In order to
simplify the comparison between different studies and systems the expressions low, intermediate,
high and very high gypsum content will be used to describe the C;A-gypsum systems in this study
according to the amount of gypsum as presented in Figure 3-5. In Portland cement (PC) the

gypsum/C;A ratio is usually high or very high (>35%) following this classification.

. Range for PC -
LOW INTERMEDIATE HIGH VERY HIGH
—_——— e 1
lO% 20% | 40% l65%
Total conversion of C3A Total conversion of C3A Total conversion of C3A
to hydroxy-AFm to monosulfo AFm to ettringite

Figure 3-5: Phase assemblage that is expected for the stoichiometry depending on the initial gypsum

content (wt%) after the depletion of gypsum.

As describe in the literature review, the mechanism that controls the reaction rate during the first
stage of C;A reaction in the presence of gypsum was identified by Minard et al. [9] as the dissolution

of C;A controlled by adsorption of sulfate ions.

The second stage as well as the later ages have been less extensively studied and many points are
still unclear, starting from the evolution of the phases after the gypsum consumption as highlighted
in the literature review. The new contribution of this study is therefore mainly in the second stage.
The phase assemblage depending on the gypsum content was monitored by in-situ XRD during the
first days of reaction to elucidate the evolution of the phases after gypsum depletion. The
microstructural development was also investigated. The influence of the gypsum content on the

microstructure of C;A-gypsum paste was of particular interest.
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Finally, the hydration kinetics of different systems was studied by calorimetry in order to understand
the mechanisms that control the hydration rate during the second stage of the reaction. The effect of

the temperature on the hydration kinetics was also investigated.

Different batches of C;A were synthesized for this study. We consider as “a batch” powders produced
in the same conditions and homogenized before the sieving process. Even though great care was
taken to synthesize all the C;A batches in the same way, different particles size distributions and
therefore different reaction rates were obtained. Therefore the results between the different
batches of C;A- gypsum cannot be directly compared and are presented separately. However some
trends characteristic of the general C;A-gypsum system can be observed. Gypsum additions between

7 % C3A replacement to 40% were studied. The compositions of all the C;A-gypsum samples

presented in this study are given in Table 3-1.
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Table 3-1: Names and compositions of the C;A-gypsum samples

wt% C;A wt% gypsum Molar ratio
BATCH A mol% gypsum
(batch 16) (Merck) CSH,/C3A
C3A_7%G 93 7 10.57 0.12
C3A_12%G 88 12 17.63 0.21
C3A_20%G 80 20 28.18 0.39
C3A_27%G 73 27 36.73 0.58
wt% C;A wt% gypsum Molar ratio
BATCHB mol% gypsum
(batch 23) (Merck) CSH,/C3A
C3A_10%G 90 10 14.85 0.17
C3A_20%G 80 20 28.18 0.39
C3A_35%G 65 35 45.81 0.85
wt% C;A wt% gypsum Molar ratio
BATCH C mol% gypsum
(batch 38) (Merck) CSH,/C3A
C3A_10%G 90 10 14.85 0.17
C3A_30%G 70 30 40.22 0.67
C3A_40%G 63 40 51.14 1.05




The x-ray diffraction patterns, the SEM images, particles size distributions and calculated specific

surface areas of the powders are reported in CHAPTER 2.

The experiments carried out on these samples are summarized in Table 3-2.

Table 3-2: Summary of the C;A-gypsum samples and experiments carried out

Phase assemblage | Microstructure Kinetics
Samples\ experiments
(XRD) (SEM) (calorimetry)
C3A_7%G (Batch A) @20°C
C3A_12%G (Batch A) @20°C
C3A_20%G (Batch A) @20°C
C3A_27%G (Batch A) @20°C
In-situ at early ages
C3A_10%G (Batch B) @26°C 1d, 3d,7d,28d | @20, 26,30°C
+ slices at later ages
In-situ at early ages
C3A_20%G (Batch B) @26°C 3d, 7d, 28d @20, 26,30 °C
+ slices at later ages
In-situ at early ages
C3A_35%G (Batch B) @26°C 3d, 7d, 28d @20, 26,30 °C
+ slices at later ages
C3A_10%G (Batch C) @20°C
C3A_30%G (Batch C) @20°C
C3A_40%G (Batch C) @20°C
Evolution up to
C3A_20%G (Batch D)
35h
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3.3 Phase assemblage of C;A-gypsum systems

In-situ XRD was used to follow the phase evolution during the first hours of hydration and the results
obtained were compared to the calorimetric curves. The evolution of the phase assemblage at early
ages was monitored for the three samples of Batch B: C3A_10G, C3A_20G and C3A_35G, respectively
low, intermediate and high gypsum content samples by in-situ XRD with the kapton method that
consists of collecting XRD patterns every 15 min of a hydrating sample. To avoid contact with CO, and
extensive drying, the sample is covered by a kapton foil as described in Chapter 2. The evolutions of
the phase assemblage during the first hours of hydration for the three samples are presented in
Figure 3-6. It has to be noted that the experiments were carried out at a temperature of 26°C due to
constrain of the experimental device. Moreover, even if great care was taken in order to carry out in-
situ XRD and calorimetric measurements at the same temperature, a delay of the exothermic peak
compared to the reactions measured by XRD can be observed. This delay was observed for the three
studied samples. It is thought that this acceleration of the reaction measured by XRD may be due to
an increase of the temperature in the vicinity of the sample in the XRD chamber probably caused by
the heat developed by the sample during hydration. Therefore, both effectively measured in the
calorimeter (plain curve) and presumed calorimetric curve of the XRD samples (dot curve) were

represented in Figure 3-6.

The evolution of the phase assemblage at later ages was investigated by preparing a cylinder of C;A-
gypsum paste and cutting slices at certain time for X-ray diffraction. Generally samples aged 1, 3 and
7 days were investigated. The XRD patterns of the samples C3A_35G, C3A_20G and C3A_10G are
reported in Figure 3-7. Even if great care was taken to refill the sample containers with nitrogen after
each measurement, all the samples showed some carbonation with hemicarboaluminate present in

the systems.

In the figures presented in this chapter the following abbreviations are used to label the phases:
C3A = tricalcium aluminate = G;A Gypsum = CSH,

Ettringite = CgASsHs, AFm 14 = monosulfo-AFm type 14 = C,ASH1,
AFm 12 = monosulfo-AFm type 12 = C,ASH,,  H-AFm = hydroxy-AFm = C,AH9/C,AHg

C3;AHs= hydrogarnet H-carbo = hemicarboaluminate
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Figure 3-6: Evolution of the phase assemblage during the first hours of hydration measured by in-situ
XRD for three gypsum additions. The evolution of the phase assemblage depends on the initial gypsum
content. The calorimetric curves of these systems are also represented on the plots. The measured (plain
line) curve and presumed curve (dot line) due to a possible modification of the temperature in the XRD

chamber are plotted.
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Figure 3-7: Evolution of the phase assemblage at later ages measured on sliced set samples. Hydrogarnet
was observed at later ages in the samples that contain the metastable hydroxy-AFm phases at early ages.

Some carbonation was observed even if great care was taken to fill the sample containers with nitrogen.
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As expected, different phase assemblages were observed depending on the initial gypsum content of
the sample. For the samples with high gypsum content (C3A_35G), ettringite is the only hydrate
formed during the first period of hydration (Figure 3-6). Some authors reported the formation of
AFm phase at early ages [8, 9, 11, 21] . These phases were not observed here, probably due to their
poor crystallinity and the small amount that is formed. After gypsum depletion, ettringite and C;A
dissolve to form monosulfo AFm (C,ASH4,). At later ages (Figure 3-7), when less water is present in
the systems, monosulfoaluminate type 12 (C,ASH1,) was observed instead of monosulfo AFm type 14
(C4ASH.,). For this sample with high gypsum content no AFm hydrates other than monosulfo were

observed at later ages (except hemicarboaluminate due to carbonation as previously described).

For the sample C3A_10G, only hydroxy-AFm (C,AHys and /or C,AHg) were observed after gypsum
consumption due to the lower gypsum content. A very small peak of ettringite (too small to be
reported in Figure 3-6) was observed before gypsum depletion. After gypsum depletion, the sulfate
ions present in the systems are incorporated in solid solution in the hydroxy-AFm phase. Indeed,
many studies, the most recent being the work of Matschei et al. [10], have reported the possible
formation of solid solutions between hydroxy-AFm and monosulfo-AFm phases. Hydrogarnet peaks
were present in the XRD pattern at later ages (Figure 3-7). The hydrogarnet phase is formed from
the evolution of the metastable hydroxy-AFm phases C,AH,9 and C,AHs. Some monosulfo-AFm 12
was also observed at later ages. This later formation of monosulfoaluminate can come from the fact
that the hydroxy-AFm phases (C4AHis and/or C,AHg) that contain sulfate ions have evolved into
hydrogarnet. As this last phase is not able to incorporate sulfate ions like hydroxy-Afm phases, the

sulfate ions become available to form monosulfo-AFm.

The samples C3A_20G show an intermediate phase assemblage between the C3A_35G and the
C3A_10G sample. As expected, ettringite is the only hydrate detected during the first period of
hydration (Figure 3-6). After gypsum consumption C;A and ettringite dissolve and both monosulfo-
AFm and hydroxy- AFm (C,AHys and /or C,AHg) are formed. But only very small peaks due to the
reflexion of hydroxy-AFm were observed in the original XRD patterns. As a miscibility gap exists in
the solid solution series between monosulfoaluminate and hydroxy-AFm, both phases can co-exist
[10]. The plots of the evolution of the phase assemblage reported in the present work do not show
guantification of the phases with respect to the overall composition only their relative own evolution
is presented. However, when a particular phase was present in the system in small quantities, very
noisy evolution curves were obtained, as it is the case for ettringite in Figure 3-6 for the sample

C3A_35G. The hydroxy-AFm formed in the sample C3A_20G after gypsum depletion seems to not be
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stable and dissolves slowly as the hydration proceeds. This phase is probably formed in areas where
the concentration of sulfate ions is low due to the rapid dissolution of CzA compare to ettringite.
Then, when the sulfate content increases, due to ettringite dissolution, hydroxy-AFm becomes
unstable with respect to monosulfo AFm and dissolves. A solid solution of hydroxy-AFm with
monosulfo AFm is then probably present. The resolution of the obtained XRD pattern and the peak
shift that is induced by the shrinkage of the paste during hydration did not allow us to observe the
small shift of monosulfo AFm peaks due to the solid solution. At later ages (Figure 3-7) hydrogarnet
was also observed in the sample. For this sample, monosulfoaluminate type 12 appears already at

early ages.

For the sample C3A_20G, ettringite starts to dissolve after gypsum consumption but at a slower rate
than in the case of the C3A_35G sample. As some drying of the sample (that lead to a slow down of
the reaction) may occur, the experiment was repeated with a similar sample (C3A_20%G (Batch C)).
The same phase assemblage was observed: formation of monosulfoaluminate type 14 and 12 as well
as hydroxy-AFm after gypsum consumption. However, in this case ettringite dissolves rapidly after
gypsum consumption together with C;A (Figure 3-8) as observed for the sample C3A_35G in the first

experiment.
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Figure 3-8: Evolution of the phase assemblage for a C3A_20%G sample measured by in-situ XRD

(Second experiment). In this case ettringite dissolves rapidly after gypsum consumption.

In this work it was observed the C;A and ettringite dissolve rapidly and simultaneously right after
gypsum depletion. Meaning that ettringite is unstable rapidly after the depletion of gypsum in the
system. Contrary to the work of Minard et al. [9] that reported that the dissolution of ettringite does
not occur directly after gypsum depletion and that the formation of monosulfoaluminate is a slow

process, in this study it can be clearly seen that this reaction occurs rapidly.
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3.4 Microstructural development

This chapter presents the development of the microstructure after gypsum consumption, with
special interest on the localization of the hydrates in the microstructure and their chemical

composition depending on the gypsum content.

In the first part of this section, the development of the C;A-gypsum paste with intermediate gypsum
content is presented. Then, in a second part, the influence of the gypsum content on the
microstructure is discussed. The microstructural study of these pastes was carried out by scanning

electron microscopy (SEM) on polished sections.

3.4.1 Microstructural development of a C;A-gypsum paste

The microstructural development of a C3A_20G sample was studied at different ages over the first
days of hydration. The composition of the hydrates was investigated by EDS microanalyses. The
results were statistically analyzed and plotted on Al/Ca vs. S/Ca ratio graphs. This representation
leads to identification of phases or mixture of phases: when the points lie on the line joining the
composition of two phases, we assume that we have a mixture of these phases. The heat evolution
of this system was measured by isothermal calorimetry (Figure 3-9) at the same temperature of the
room where the samples for microscopy where stored (22°C — controlled temperature). In these
conditions the exothermic peak induced by C;A reaction after gypsum depletion to form

monosulfoaluminate and/or hydroxy-AFm occurs at 10-11 hours of hydration.
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Figure 3-9: Heat evolution curve at 22°C of the C3A_20G system used for the microstructural study. The

exothermic peak characteristic of the second stage occurs at 10-11h of hydration.
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During the first period of hydration, in the presence of gypsum, little hydration product was present
close to the C;A grains as shown in the microstructure in Figure 3-10. Just before gypsum depletion,
mainly ettringite was detected in the matrix by EDS analysis (Figure 3-10). Some monosulfo AFm was

already present at 9 hours of hydration, probably in areas where the sulfate content was locally low.

Between 9 and 12h of hydration a significant densification of the matrix was observed (Figure 3-11).
This densification occurs after gypsum depletion when there is a surge in the hydration of the
remaining C;A. At 12 hours of hydration no more ettringite was detected by EDS analyses, only
hydrates with a composition dispersed between the compositions of monosulfo AFm and the
hydroxy-AFm C4;AH,9 and C,AHg were present in the matrix (Figure 3-11). The XRD analysis of a similar
sample (described in Figure 3-6) showed the presence of both hydroxy-AFm and monosulfo-AFm in
the samples. Therefore the microstructure may be composed of finely intermixed hydroxy-AFm and

monosulfoaluminate or, as previously described, solid solutions can form.
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Close to the dissolving grains, hydrates that are packed more densely than the hydrate formed in the
space between the grains were observed. These dense regions seem to develop within the original
grain boundaries as the hydration proceeds (Figure 3-12 at 21h of hydration). EDS microanalysis of
this “dense inner hydrate” at 21 hours of hydration showed that its chemical composition is very
close to the one of the matrix hydrate but with a slightly lower sulfate content (Figure 3-13). The
difference in the composition is probably due to the close presence of the C;A grain. The C;A grain
may have affected the EDS analyses, but it is also that areas close to C;A grains may have a lower
sulfate content compare to the matrix hydrates. Solid solutions with a lower amount of sulfate are

then possible in the vicinity of dissolving C;A.

C3A_20G_21h

Figure 3-12: SEM image at 21h of hydration (Sample C3A_20G). The formation of a denser product

within the C;A grain boundaries can be observed.

A matrix hydrate
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Figure 3-13: EDS analysis at 21h of hydration (Sample C3A_20G). Similar chemical compositions of the

matrix and dense product were measured.
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From 24 hours of hydration, another product forming a thin rim around the dense hydrate was
observed in the microstructure (Figure 3-14). At 35h of hydration this layer was even thicker (Figure

3-15).

-

*» RINFAROUND:C;AMGRAIN

A

C3A_20G_24h
MAG: 1500 x HV: 15.0 kV

Figure 3-14: SEM image at 24h of hydration (Sample C3A_20G). Hydrogarnet precipitate as a rim

around C;A grains.

C3A_20G_35h
MAG: 1500 x HV: 15.0 kV

Figure 3-15: SEM image at 35h of hydration (Sample C3A_20G). At 35h of hydration the hydrogarnet

rim around C;A grains is thicker.
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This hydrate was identified by EDS analysis as C;AHg (Figure 3-16). It is hypothesized that the
hydrogarnet layer is located at the original C;A grain boundaries. Indeed, at the very beginning of the
reaction several authors observed the formation of hydroxy-AFm phases on the C;A surface [8, 9,
11]. As these AFm phases are metastable, they may have converted at later ages to hydrogarnet
remaining where they originally formed. EDS analyses of the hydrogarnet layer show the presence of

sulfur in the hydrogarnet rim, but it has to be kept into mind that this layer of hydrate is very thin

and the products present around the analyzed point may have influenced the EDS results.
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Figure 3-16: The EDS analysis of the rim of hydrate (see Figure 3-15) around the C;A grains at 35h of
hydration indicate a composition very close to hydrogarnet (C;AHg) . (Sample C3A_20G)

Comparing EDS analysis carried out on the samples at 21h and 35h of hydration it was observed that
the difference in chemical composition of the “matrix” and the “dense” products increases as

hydration proceeds. Hydrates richer in sulfate preferentially form at distance from the C;A grains.
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Figure 3-17: Comparison of the chemical composition of the dense and matrix hydrates at 21h and 35h of

hydration (Sample C3A_20G). As the hydration proceeds, the difference in the chemical composition

between the matrix and dense “inner” product is more pronounced. Solid solutions with higher sulfate

content tend to form at distance from the C;A grains.
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3.4.2 Influence of the gypsum content on the microstructural development

In order to study the influence of the gypsum content on the microstructure of C;A-gypsum pastes

samples containing 10, 20 and 35% of gypsum were prepared with C;A from Batch B.

At 3 days of hydration the microstructure of the sample containing intermediate gypsum content
(20%) had a microstructure very similar to the sample described in section 3.4.1. The same matrix
and dense hydrates are present in the microstructure with similar chemical compositions (Figure
3-18 (middle)). Both hydrates are probably finely intermixed or present as solid solution of
monosulfoaluminate and hydroxy-AFm with lower sulfate content in the dense product as described
previously. The hydrogarnet shell is also present at the original grain boundaries. However, this shell
seems to be thinner at this point of the hydration than for the systems previously described. This is

probably due to the different reactivity of the C;A coming from different batches.

Quite a similar microstructural development was observed for the sample with high gypsum content
except that no hydrogarnet shell was present in the microstructure (Figure 3-18 (right)). Only the
dense product or empty grains surrounded by monosulfoaluminate were observed. However, the
chemical composition and the morphology of the hydrates vary significantly. The composition of the
matrix hydrate is very close to the stoichiometric composition of monosulfoaluminate and the dense
product seemed to be a solid solution between monosulfoaluminate and C4,AH45 with higher sulfate
content with respect to the composition of the same hydrate in the sample with intermediate
gypsum content. The morphology of the hydrates is also different. The AFm platelets of the matrix
hydrate seems to be shorter than the platelets observed for the samples with intermediate gypsum
content (Figure 3-19). This maybe because less space is available in the paste during the second stage
of the reaction for samples with higher initial gypsum content due to the fact that more ettringite is

formed during the first stage of the reaction.

At low gypsum content the microstructure was drastically different compare to the other two
systems (Figure 3-18 (left)). The three hydrates observed for the others gypsum replacements (matrix
hydrate, dense product and hydrogarnet shell) are also present but in different amounts. The paste is
mainly composed of thick hydrogarnet shells with little matrix product. The AFm platelets of the
matrix hydrates are even more elongated than the ones observed for the samples with intermediate

gypsum content (Figure 3-19).
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C3A_10G

1d
C3A_10G_1d
MAG: 6000 X HV: 15.0 kV
C3A_20G
3d
C3A_20G_3d
MAG: 6000 X HV: 15.0 kV
C3A_35G
3d

C3A_35G_3d
MAG: 6000 X HV: 15.0 KV

Figure 3-19: Different morphologies of the matrix hydrates depending on the gypsum content were

observed. Longer AFm platelets form in the systems containing lower gypsum additions.
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3.4.3 Evolution of the microstructure at later ages

At later ages the hydration had continued. For the samples with intermediate gypsum content, most
of the C;A grains are fully hydrated and only the dense “inner” product surrounded by hydrogarnet
shells remain where the original grains were (Figure 3-21 (middle)). However, the presence of the
dense “inner” product is less obvious at 28 days. Only the bigger C;A grains are still surrounded by
this hydrate, while around the smaller grains, only a hollow hydrogarnet shell remains in the
microstructure. It seems therefore that this hydrate dissolves and re-crystallizes as hydrogarnet

and/or matrix product at later ages. The composition of the matrix hydrate remains unchanged.

For the sample with high gypsum content, the same features are observed. At 28 days of hydration,
almost no dense product remains in the microstructure. Only some traces can be observed around
the bigger C;A grains. The microstructure is composed of many empty spaces surrounded by
monosulfoaluminate that are the relic of the fully hydrated C;A grains. The chemical composition of

the matrix hydrate is unchanged (Figure 3-21 (right)).

For the low gypsum content sample, also, the dense inner product had almost completely
disappeared of the microstructure at 28 days of hydration. Thick hydrogarnet shells and few platelets
of AFm phase are present. (Figure 3-21 (left)). The composition of the matrix product, the AFm
platelets, had evolves toward monosulfoaluminate composition compare to the hydration product
analyzed at 3 days of hydration. As already observed by XRD (Figure 3-7) the sulfate groups present
in solid solution with hydroxy-AFm may became available to form monosulfo-AFm when the hydroxy-

AFm phases evolve into hydrogarnet.

The modification of the dense “inner” hydrate (that occurs for the three studied compositions) can
be better observed in Figure 3-20 for the sample C3A-35G. Less “inner” product can be observed in

the microstructure at 28 days of hydration.

C3A_35G_7d C3A_35G_28d

MAG: 1500 x_HV: 15.0 kV

C3A_35G_3d 30 ym \_35G_
MAG: 1500 x_HV: 15.0 KV 3l MAG: 1500 x HV: 15.0kV.

Figure 3-20: Evolution of the dense inner hydrate for the sample C3A-35G at 3, 7 and 28days of
hydration. The presence dense product is less obvious at later ages. A re-crystallization as matrix product

can be hypothesized.
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3.4.4 Conclusions on influence of the gypsum content on the phase assemblage and

microstructural development of C;A-gypsum pastes

When gypsum is still present in the system, ettringite is the only crystalline hydrate formed in all the
studied samples. Some authors reported the formation of AFm phases at the beginning of the
reaction [8, 9, 11, 21]. In the present study this phase was not observed by XRD, probably because it
is a poorly crystalline phase and its amount is very small. This study shows that the phase assemblage
generated after gypsum depletion strongly depends on the gypsum content of the original mix. In
pastes with high gypsum contents monosulfo AFm forms, while with low gypsum contents hydroxy-
AFm was identified as the main hydrate. In the paste with intermediate gypsum content, both
hydroxy- and monosulfo AFm phase were observed. Solid solutions between these hydrates can
exist [10] and are probably formed in the studied samples as suggested by the EDS analysis that show

that the matrix hydrate has a composition between monosulfoaluminate and hydroxy-AFm phases.

EDS analysis reported also that the chemical composition of the matrix product that fill the space
between the C;A grains varies significantly with the initial gypsum content of the sample (Figure

3-22).

0.3
A10%G
C,ASH,, °
0.25 - gy = 20% G
| 35%G
0.2 - 5
= :
Q 0.15 s
2 1
0.1 A i
0.05 A
C4AH19 i ~C3AH6 \\\\CZAHS
0 Q: T > T T T \?\
0.4 0.5 0.6 0.7 0.8 0.9 1.1

Al/Ca

Figure 3-22: Comparison of the composition of the matrix hydrates for the samples containing 10%, 20%
and 35% of gypsum. Solid solutions between monosulfo and hydroxy-AFm phases containing more sulfate

form in systems with higher initial gypsum content.
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The microstructural study shows that the AFm phases precipitates as platelets that fill the space
between the C;A grains, but also as a denser hydrate that seems to form within the original grain
boundaries. This hydrate has a chemical composition similar to the matrix product, but with slightly
lower sulfur content. The microstructural development of C;A-gypsum pastes show therefore similar
features to C3S and cement hydration with the precipitation of hydrates that fill the space between
the grains and the development of a dense product within the original grain boundaries. However, in
the case of C;A-gypsum pastes, the inner product seems to be less present in the microstructure at
later ages. It is hypothesized that this hydrate re-crystallizes as matrix hydrate or hydrogarnet. When
hydroxy-AFm phases were present, hydrogarnet formed at later ages. This phase was observed to

grow at the original grain boundaries as a thin shell around the C;A grains.

The morphology of the AFm platelet is influenced by the initial gypsum content. With decreasing
sulfate amount, the platelets of AFm that form in the space between the grains were observed to be
longer. This maybe because more space is available in the paste at this point of the reaction as less
ettringite is formed during the first stage of the reaction for samples with lower initial gypsum

content.
In terms of kinetics of the reaction, this work clearly shows that the dissolutions of C;A and ettringite

to form monosulfoaluminate and/or hydroxy-AFm occur simultaneously and rapidly after the

depletion of gypsum. Ettringite is therefore not stable as soon as the gypsum id depleted.
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time [h] for sulfate consumption

3.5 Kinetics of the C3A-gypsum reaction

The hydration kinetics of the three batches of C;A with gypsum additions was investigated by
isothermal calorimetry. The heat evolution curves as well as the cumulative heat curves are reported

in Figure 3-24 to Figure 3-29.

As expected, the time of occurrence of the exothermic peak is delayed as the gypsum content
increases. In Figure 3-23 (left) the time necessary for sulfate consumption has been plotted vs. the
initial amount of gypsum, it can be observed that Batch B and C follow a same trend while Batch A
reacts at a slower rate, more time is necessary to consume the same amount of gypsum. The main
difference between Batches B/C and Batch A is the specific surface area of the C;A. C;A from Batches
B and C are finer. If the time necessary for the sulfate consumption is normalized by the initial

specific surface area, all the Batches follow a more similar trend as presented in Figure 3-23 (right).

The normalization was obtained with the following formula:

specific surface area

Normalized _time = time - -
mean specific surface area

60 70
A Batch A ° 60 1 A Batch A
50 1 3 & .
W Batch B A E 50| ™ Batch B
40 | e BatchC & £
n = é‘ 401 ¢ Batch C -
30 4 g £
= 2 4 A
R 35
20 N
. 3 20 ¢
10 A E A
| A 10 A ]
A
0 AN ; ; ; 0 A WA ; ‘ ;
0 10 20 30 40 50 0 10 20 30 40
% of gypsum % of gypsum

Figure 3-23: Time for sulfate consumption vs. gypsum content without (left) and with (right)
normalization with initial specific surface area of the C;A powder. Similar trend of the hydration rate

were obtained after normalization for all the batches.

This observation are consistent with the findings of Minard et al. [9] that shows that the hydration
rate during the first step of the reaction is controlled by C;A dissolution which depends on its specific

surface area.
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Figure 3-24: Heat evolution curves of C;A-gypsum systems (Batch A)
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Figure 3-25: Heat evolution curves of C;A-gypsum systems (Batch B)
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Figure 3-26: Heat evolution curves of C;A-gypsum systems (Batch C)
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Figure 3-27: Cumulative heat curves (Batch A)

1200

1000 H

>

(=3

(=}
I

200 4

C3A_10%G e

C3A_20%G

20 40 60 80 100 120
time [h]

Figure 3-28: Cumulative heat curves (Batch B)
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3.5.1 Kinetics of hydration after gypsum depletion (second stage)

In the study of the evolution of the phase assemblage previously described it was shown that right
after gypsum depletion C;A and ettringite dissolve rapidly to form AFm phases. However, the

mechanisms that control the hydration rate during this second stage of the reaction are still unclear.

3.5.1.1 Total heat released during the second stage of reaction

It can be observed on Figure 3-24, Figure 3-25 and Figure 3-26 that the height of the peak, and
therefore the total amount of reaction during the second stage of reaction, changes with the gypsum
content. This phenomenon can be better observed on the cumulative curves on Figure 3-27, Figure
3-28 and Figure 3-29. The heat released during the second stage of reaction was calculated from
cumulative curves, the results are given in Table 3-3. As the plateau was not reached for Batch A (due
to the too short time of measurement), the total heat of reaction was calculated only for Batches B
and C. The result show a decrease of the heat release during the second stage of reaction as the

gypsum content of the original mix increases.

Table 3-3: The total heat released during the second stage of reaction (calculated from the cumulative

curves) decreases with increasing gypsum addition.

J/g of C5A J/g of C3A
10% 879 10% 835
20% 761 30% 684
35% 622 40% 557
Batch B Batch C

Plotting these heats vs. the theoretical values of remaining C;A after gypsum consumption a quasi

linear trend can be observed (Figure 3-30).
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Figure 3-30: Heat released during the second stage of reaction vs. % of C;A left in the sample after
gypsum depletion. A linear trend between the heat released and the % of C;A left can be observed. (The
% of C;A left was calculated assuming that all the gypsum reacts with C;A to form ettringite during the

first period of the reaction)

These results show that the heat released during the second stage of reaction is proportional to the
amount of remaining C3A. For systems with low gypsum content, more C;A remain in the systems at

the beginning of the second stage of the reaction.

However, it as to be noted that the total heat released by the reaction (after around 100 hours) is

higher for systems with higher gypsum content (Figure 3-28 and Figure 3-29).

3.5.1.2 Parameters controlling the reaction rate during the second stage of reaction

The kinetics of the reaction after gypsum depletion is characterized by an exothermic peak, this
means a period of acceleration and a period of deceleration of the reaction rate. Looking more
closely to the exothermic peaks that occur after sulfate exhaustion it can be observed that they
become broader with increasing gypsum addition. Both acceleration and deceleration are modified
by the gypsum content. In order to observe this peak broadening the heat evolution curves have

been shifted to align all the exothermic peaks (Figure 3-31).
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Figure 3-31: Influence of the initial gypsum content on the exothermic peak. Broader peaks were observed

with increasing gypsum addition. (The offset of the peaks was shifted to the same time in these plots)
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The acceleration period

The acceleration period is characterized by the slope of the exothermic peaks. It can be observed on

Figure 3-32 that this slope decreases with increasing gypsum content in the original mix.
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Figure 3-32: Slope of the exothermic peak vs. gypsum content in the original mix

It has to be considered that with increasing gypsum content two parameters that may influence the

rate of the reaction during the acceleration period are modified:
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The specific surface area of the C;A left at the time corresponding to sulfate consumption
that decreases with gypsum addition as presented in Figure 3-33. Indeed, for higher gypsum
additions the second stage of the reaction starts at higher degree of hydration, therefore the
specific surface area of the particles is smaller. The evolution of the specific surface area
represented in Figure 3-33 is an out put from the model pic obtained by A.Kumar (LMC)
assuming that the specific surface area of the anhydrous powder is the one calculated from

the particle size distribution as described in CHAPTER 2.

The space available for the reaction that decreases also (Figure 3-34) because more ettringite
is formed during the first stage of the reaction for higher initial gypsum contents. The space
available for the reaction at the beginning of the second stage of the reaction represented in
Figure 3-34 was calculated assuming that all the gypsum react with C;A to form ettringite
during the first stage of the reaction. It corresponds to the water left in the systems at this

time of the reaction.



4500
4000 -\ —C3A_10G
3500 —C3A_20G
3000 1 C3A_35G
2500
2000
1500 + X

1000 -

v
=3
3

specific surface area of C3A [cm2/g|

o

45 50

time [h]

Figure 3-33: Evolution of the specific surface area of
C;A during hydration (Batch B). X=at the time of
sulfate consumption: The specific surface area is
smaller at the beginning of the second stage for

higher gypsum additions. (Output from the model
pic)
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Figure 3-34: % volume available for the reaction at
the beginning of the second stage of the reaction vs.
initial gypsum content. Less space is available for the
reaction during the second stage of the reaction for
higher gypsum additions. (Calculated from
stoichiometry assuming that only ettringite is formed

during the first stage of the reaction).

The role of the specific surface area on the reaction rate during the second stage of the reaction was

investigated using C;A powder sieved in two different and narrow PSDs as represented in Figure 3-35

were the fine (red curve) and coarse C;A (blue curve) are compared to standard PSD used in this

study (black curve).
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Figure 3-35: Fine (red) and coarse (blue) particle size distribution of the monosized C;A powders

compared to a standard one (black).

The heat evolution curves obtained for these fine and coarse systems with different gypsum

additions are reported in Figure 3-36, Figure 3-37 and Figure 3-38.
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Figure 3-36: Heat evolution curves for monosize C;A particles. The exothermic peaks are broader for

coarser C;A particles (blue curves).
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Figure 3-37: Zoom on the calorimetric peaks of fine Figure 3-38: Zoom on the calorimetric peaks of
C;A (peak shifted) coarse C;A (peak shifted)

The exothermic peaks of the coarser particles are significantly lower, broader and occur later (for a
same gypsum addition) than the exothermic peaks observed for finer particles. The slopes of the
exothermic peaks during the acceleration period obtained for the coarser C;A powder are
significantly lower than the slopes calculated for the powder composed of fine particles as reported

in Figure 3-39.
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Figure 3-39: Slopes of the exothermic peak vs. gypsum content in the original mix for monosize C;A
particles. The slopes of the peaks for the coarse C;A powders are significantly lower than the slope

calculated for the fine C;A powders.

These results show the strong influence of the specific surface area of the powder on the reaction
rate. As higher gypsum contents implies a higher degree of hydration at the time corresponding to
the depletion of gypsum, smaller specific surface area of the remaining C;A (that lead to slower

reaction rate) are observed.

In order to investigate the influence of the space available for the reaction on the acceleration
period, the heat evolution curves of samples composed of 88% Cs;A (from Batch A) and 12% gypsum
with different w/s ratios were monitored. W/S ratios from 0.5 to 2 were investigated. The results are
presented in Figure 3-40. The calorimetric peaks were shifted in order to better compare the

acceleration periods.
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Figure 3-40: Influence of w/s ratio on the calorimetric peaks (Peaks shifted). Samples: C3A_12G (Batch
A). The variation of w/s ratio from 0.5 to 2 has only a small influence on the acceleration period but a

strong influence on the deceleration period where higher w/s ratios lead to slower deceleration rates.

It can be observed that the change in the space available induced by this modification of w/s ration
almost doesn’t influence the acceleration period. However it has to be noted that a variation of w/s
ratio from 0.5 to 2 for a sample containing 12% gypsum induce only a small variation of the space
available for the reaction at the time corresponding to the exothermic peak (+/- 5 % ). An influence of
the space available for the reaction on the acceleration period can therefore not be excluded with
this experiment. Moreover, comparing the results obtained in this study carried out on pastes (w/s
=1) to the calorimetric curves obtained by Minard et al. [9] in diluted suspension (w/s ratio = 25)
(Figure 3-3) it can be observed that in diluted suspension there is no significant peak broadening with
increasing gypsum content. This observation suggests therefore that a significant change in the space
available for the reaction has a strong effect on the reaction rate during the acceleration period
when hydration occurs in pastes. The diminution of the reaction rate during the acceleration period
observed with increasing gypsum content can therefore be attributed to the reduction of the space
available for the reaction due to the precipitation of more ettringite during the first stage of the

reaction.

Tow parameters controlling the hydration rate during the second stage of the reaction were
identified in this study:

= the specific surface are of the reacting C;A particles.

= the space available for the reaction that depends on the w/s ratio or on the amount of

hydrates previously precipitated.
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These tow parameters can be resumed in one: the exposed surface area of C;A. When the exposed
surface area of C;A is reduced (due to smaller specific surface area or due to the contamination of

the surface by other hydrates) the reaction rate decreases.

In terms of mechanisms, three possible mechanisms can control the rate of reaction during the
acceleration period:

= the dissolution of ettringite

= the dissolution of C;A

=  or the nucleation of AFm phases

The observations previously made do not allow us to clearly identify the mechanism responsible for
the kinetics observed in the different C;A-gypsum systems. However several hypotheses may be
formulated:
= Higher reaction rates were observed for systems with low gypsum content (and therefore
small amounts of formed ettringite). This observation is not consistent with the hypothesis of
the dissolution of ettringite being the rate controlling mechanism as a lower reaction rate
should be observed when less ettringite is present in the system.
= The influence of the exposed C;A surface area on the reaction rate is consistent with the
hypotheses of either the dissolution of C;A or the nucleation of AFm phases being the rate
controlling mechanism. Indeed the exposed surface area of C;A directly influenced the rate
of C;A dissolution and if heterogeneous nucleation of AFm phases is assumed (as for C-S-H
nucleation in alite pastes) a smaller exposed surface area will induce a smaller amount of

nuclei.

The deceleration period
The deceleration period is also modified depending on the gypsum content of the original mix. It can
be observed that the deceleration is slower with increasing gypsum (Figure 3-31).
Two possible parameters may be at the origin of this deceleration and control the rate of reaction
during this period:

=  Alack of reactant (water or anhydrous phases)

= Alack of space

The microstructural study show that substantial amount of C;A was still present in the microstructure

after several days of hydration. The lack of anhydrous phases can therefore not be claimed to be at
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the origin of the deceleration of the reaction rate. Moreover, a slower deceleration is observed for
the samples with higher gypsum content that have a higher degree of hydration (and therefore less

anhydrous phases) at the time corresponding to the exothermic peak.

The amount of water necessary for the complete reaction depends on the phase assemblage
generated and w/s varies between 0.4 and 0.9 depending if 100% of monosulfoaluminate or 100% of
hydroxy-AFm are formed. As w/s = 1 was chosen in this study the lack of water cannot be at the

origin of the deceleration.

In Figure 3-40 it can be observed the deceleration part is significantly modified by small changes in
the space available. Slower decelerations were observed for systems where more space is available
for the reaction. This confirms the role of space available for the reaction. A space filling effect as
described for example by Bishnoi for alite hydration [25] and Gosselin for calcium aluminate cements
[26] due to the impingement of the hydrates can therefore be considered to be rate controlling

during the deceleration period of stage 2.

As observed in the microstructural study, the shape of the AFm platelets forms during the second
stage of reaction depends on the gypsum content of the original mix (Figure 3-19). Longer platelets
are formed when gypsum content is low. The difference in the shape of the AFm platelets is coherent
with the difference in the deceleration period observed by calorimetry for the different gypsum
additions. As impingement of the hydrates is more probable in systems with low gypsum content

where the AFm platelets are longer, a faster and earlier deceleration can be expected.
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3.6 Influence of the temperature on the hydration kinetics

Cement hydration is known to be temperature dependent. The Arrhenius theory and the concept of

activation energy (Ea):
k= exp| — ——
RT

is commonly applied to cement to quantify the sensitivity to temperature of the hydration reaction.
The Arrhenius theory is based on simple chemical reaction, therefore the concept of “apparent”
activation energy is used in the case of cements since the hydration of cement involves several
simultaneous and coupled chemical reactions [27, 28]. However, if one of these reactions is
dominant and controls the hydration rate, the determination of the activation energy can provide
insights on the rate limiting factor of the reaction. Transport controlled reaction have generally small
Ea (< 20 kJ/mol) while for reaction that are surface controlled the Ea is usually higher (> 20 kiJ/mol)

[29].

The temperature dependence of the hydration of C;A-gypsum systems has been investigated in the
past. Brown and LaCroix [30] reported that the ettringite formation is controlled by a diffusion
process with an activation energy Ea of 4,2 kl/mol. Another study by Tenoutasse reports higher
activations energies of 50 kJ/mol [24], that is consistent with the surface controlled theory that
explains the slow down of the C;A reaction in the presence of gypsum by the blocking of the C;A
reaction sites by calcium and sulfate ions. The dispersion of the values reported in the literature can
be explained by the method used to calculate the activation energy. While Tenoutasse calculated k at
different temperatures from the height of the calorimetric peak, Brown and LaCroix calculated it

from a model where the hydration rate was thought to be controlled by a diffusion process.

In the present study the influence of the temperature on the hydration kinetics of C;A-gypsum
systems depending on the gypsum content was investigated. Heat evolution profiles were monitored
by isothermal calorimetry at three different temperatures: 20°C, 26°C and 30°C. The results obtained
for the three samples of Batch B are reported on Figure 3-41 for the sample C3A_10G, on Figure 3-42
for the sample C3A_20G and on Figure 3-43 for the sample C3A_35G. Due to the highly exothermic
reaction at 30°C of the samples C3A_10G and C3A_20G, the maximum of the exothermic peak could
not be measured. To ensure a good comparability of the results the three calorimetric measurements
were carried out with the same original paste: after mixing the paste was put into three calorimetric

vessels, one for each temperature. The heat evolution curves of the experiments carried out at 26
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and 30°C show an endothermic peak instead of the usual exothermic dissolution peak. This is a
measurement artefact due to temperature of the samples and the entry of fresh air in the channel

when the sample was introduced into the calorimeter.

3.6.1 Determination of the activation energy (Ea)

For all the gypsum contents studied, the temperature influences significantly the kinetics of the
reaction, accelerating the hydration. The time necessary for gypsum consumption decreases as the
temperature increases and the exothermic peak characteristic of the second stage of the reaction
occurs earlier with increasing temperature.

The apparent activation energy of both first and second stage of reaction was calculated for the
three gypsum additions. Several methods exists to calculate the activation energy of a cementitious
system [31, 32]. To determine the activation energy for the first stage of reaction, the method of the
equivalent time based on the Maturity Method as described by Carino [31] was used. The part of the
cumulative heat evolution curves corresponding to the first stage of reaction were mathematically

superposed using the following formula:

t, =a-t

Where a is the age conversion factor obtained to superpose the cumulative curves as shown in
Figure 3-44. To determine the activation energy for the second stage of reaction the differential
calorimetric curves were used and a similar method was used to superpose the slope of the

calorimetric peaks:
t,=a (t+p)

Where a is the age conversion factor obtained to superpose the slopes of the calorimetric peaks as
shown in Figure 3-45 and B is a shift factor used to shift the calorimetric peaks in order to align the
peak to help the determination of the age conversion factor. This B factor was not taken into account

for the calculation of the activation energy.

The activation energies were then calculated with the following equation where T ref is 293 °K:

In(x)- R
E =——F"—
ol b
T ]:'ej'
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Figure 3-41: Heat flows at three different temperatures for the sample C3A_10G. Due to the limitation of

the calorimeter the maximum of the exothermic peak at 30°C could not be measured.
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Figure 3-42: Heat flows at three different temperatures for the sample C3A_20G. Due to the limitation of

the calorimeter the maximum of the exothermic peak at 30°C could not be measured.
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Figure 3-43: Heat flows at three different temperatures for the sample C3A_35G.
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curves to determine Ea for the first stage of reaction peaks to determine Ea for the second stage of

using the equivalent time method. reaction using the equivalent time method.

The calculated activation energies for the first and second stages are reported in Table 3-4. The Ea
reported are mean values calculated for the two age equivalent factor obtained between 20 and

26°C and 20 and 30°C. The error is the standard deviation.

Table 3-4: Calculated activation energies (Ea).

Ea 1% stage |Ea 2" stage
(kJ/mol) (kJ/mol)

C3A_10G | 44+11 21+12
C3A20G | 791 59+8
C3A_35G | 80%2 4419

Relatively high apparent activation energies were obtained for the three gypsum replacements and
for both first and second stage of reaction. These high activation energies indicate that the reaction

is limited by surface controlled mechanisms [29] in both first and second stage of the reaction.

The difference between the activation energies obtained for the first and second stages may be
explained by the adsorption of calcium and sulfate ions on C3A surface during the first stage of
reaction that may play a role in the modification of the Ea. It is interesting to note that the Ea
calculated for the first stage of the reaction for the sample C3A_10G that contain a low amount of
gypsum is similar to the Ea calculated after the gypsum depletion for the other systems. However it

has to be noted that higher standard deviations were obtained for the sample with the lower gypsum
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addition, probably due to the fact the first stage of the reaction is very short, especially for high
temperature and the measurement may be influenced by the introduction of the sample in the
calorimeter. Therefore the temperature may be not perfectly stable during the first minutes of

reaction.
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3.7 Conclusions on tricalcium aluminate — calcium sulfate systems

The reaction of C;A and gypsum with water is usually divided in two stages as presented in Figure
3-46. The first stage corresponds to the hydration in the presence of gypsum and second stage begins

when sulfate ions in solution are consumed.

Heat flow

N

1st stage 2nd stage

Time of hydration

Figure 3-46: Stages of C;A-gypsum hydration

The first stage is characterized by an acceleration of the reaction (period 0 in Figure 3-46) right after
mixing with water that can be attributed to the dissolution of the species. This acceleration is
followed by a deceleration (1) and a period of low reactivity (2). This study confirms the findings of
Minard et al. [9] on the controlling parameter during this period of hydration. The fact that the
hydration rate depends on the specific surface area of the C;A and the high activation energy
calculated, which suggest a surface controlled mechanism, are consistent with the claim that the
hydration rate during this period is controlled by the dissolution of C;A. The duration of the period of
low reactivity depends on the gypsum content of the original mix. Ettringite as well as AFm phases

[8,9, 11, 21] are formed during this first stage of reaction.

The second stage of the reaction is also characterized by an acceleration (3) and a deceleration
periods (4). The present study shows that the rate of reaction during this second acceleration, which
corresponds to the surge in G;A dissolution after the depletion of gypsum, is largely influenced by the
exposed surface area of C;A. During this period, C;A and ettringite dissolve to form AFm phases with
a chemical composition that suggest the formation of solid solutions between the hydroxy-AFm and
monosulfoaluminate (with miscibility gap). The amount of sulfate in the interlayer depends on the

initial content of gypsum. It was also shown that the reaction rate during the deceleration period is

70



controlled by the impingement of the AFm platelets. The study of the microstructure show that the
morphology of the AFm platelets depends on the gypsum addition: higher gypsum additions lead to
smaller platelets. In the latter case the deceleration in the heat evolution curve was observed to be

slower.

The reaction continues then at a slow rate (5) until the reactant runs out. It was observed by SEM
images that a dense hydrate (with a similar chemical composition that of the AFm platelets) forms
within the grain boundaries. The microstructural development of C;A-gypsum pastes shows
therefore similar features to C;S and cement hydration with the precipitation of hydrates that fill the
space between the grains and the development of a dense product within the original grain
boundaries. However, in the case of C;A-gypsum pastes, the dense “inner” product seems to be less
obvious at later ages. A re-crystallization as hydrogarnet or as matrix product can be suggested.
When hydroxy-AFm phases were present in the phase assemblage, hydrogarnet was observed at
later ages. This last phase was observed to form at the original grain boundaries of C;A and grow as a
shell around hydrating C;A grains. Hollow hydrogarnet shells were observed where the small grains

have completely reacted.
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CHAPTER 4 HYDRATION OF ALITE - C3A - GYPSUM SYSTEMS

4.1 Literature review

4.1.1 Alite hydration

Before discussing the interactions between the calcium silicate and calcium aluminate phases that
occur during cement hydration and their influence on the hydration kinetics, it is important to
introduce what is known about alite hydration. This phase represents up to 70% by weight of the
cement and many features of the hydration of ordinary Portland cements are similar to alite
hydration. Alite hydration as been extensively studied and many theories exist about its hydration
mechanisms. The description of these theories given in this chapter follows the argumentation of

Juilland [1].

The reaction of C;S with water leads to the formation of calcium hydroxide (CH, or portlandite) and a

poorly crystalline calcium silicate hydrate (C-S-H) as shown in the following equation:
CsS + (3-x+n) H - C,SHn + (3-x)CH

The heat evolution profile of alite hydration can be divided, according to Gartner et al. [2], into six
time periods or stages corresponding to different regions of the calorimetric curve as presented in

Figure 4-1.
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Figure 4-1: Division in time period of the heat development monitored by isothermal calorimetry and
solution phase analysis of an alite paste. Adapted from [2].
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Stage 0, | and Il: the initial fast reaction, first deceleration and induction periods.

The initial exothermic peak is due to dissolution and lasts only few minutes. Following this, there is a

deceleration and then a period of slow reaction lasting a few hours. The reasons for this deceleration

are quite controversial and several theories have been proposed.

76

One of the earliest and still popular theory for the first deceleration period is the formation
of a protective layer of hydrates on the C;S grains that prevents further dissolution [3, 4].
Some authors hypothesized that the hydration reinitiates after the conversion of the primary
hydrate into a form more permeable to water [3, 4]. Others suggested that the rupture of
this membrane is caused by osmotic pressure [5, 6], but little evidence has been found to
support this theory. The strongest indications for the existence of a hydrate layer come from
the work of Gartner and Jennings [7] who proposed that is the formation of C-S-H (SI) on C5S
grains that is responsible of the induction period and a solid-state transformation to a less

protective form of C-S-H (SII) that leads to the end of the induction period.

An alternative theory invokes an incongruent dissolution and the formation of a Ca** double
layer close to the negative surface which inhibits C;S dissolution [8]. In this case, the
acceleration period starts when Ca®* ions are consumed from the solution by the

precipitation of hydrates [9].

Several authors proposed that the induction period is controlled by the nucleation and
growth of hydrates, CH or C-S-H [10]. Some authors claim that the induction period is due to
the poisoning of the CH nuclei by silicates and that the nuclei cannot grow until the level of
supersaturation is high enough to overcome this phenomenon [11]. This theory implies that
the seeding of cement pastes with CH crystals would shorten the induction period, whereas
it has been shown that this in fact prolongs the induction period [12]. For others the
induction period corresponds to the nucleation period of C-S-H and ends when the nuclei
start to grow. For Garrault and Nonat [13, 14] the nuclei form at the very beginning of the
hydration reaction. There is then no true induction period but a continual increase in the rate
of C-S-H formation. In this case, the seeding of cement pastes effectively shortens the
induction period as shown by Thomas et al. [15]. Most nucleation and growth theories can
explain the existence of an induction period but do not really address the question of the
rapid slowdown of the reaction that occurs in the first minutes of hydration.

Recently, Juilland et al. [1, 16] applied concepts from geochemistry on the role of

crystallographic defects and solution saturation to propose a mechanism that explain the fast



deceleration observed during early hydration of alite. In crystal dissolution theory three
dissolution mechanisms of minerals exists: vacancy islands where small pits can nucleate
without the help of impurities, etch pits that form at the outcrops of dislocations or other
defects and step retreat that takes place at pre-existing roughness [17]. The occurrence of
one of these mechanisms depends on the level of undersaturation. Juilland et al. observed
the formation of etch pits at defects on alite surface when immersed in pure water, while
when lime saturated solutions are used they observed a dominance of smooth surfaces with
formation of steps. Therefore they explain the initial slow down of the reaction observed
during alite hydration by the dissolution theory: when the level of undersaturation dropped
below that needed to provide enough energy for the nucleation of etch pits at dislocations,
the rate of dissolution became slow as atoms dissolved only from preformed steps, leading
to the deceleration and induction periods. Evidence in support of this was discussed by

Juilland et al. from new results but also from the re-examination of results in the literature.

Stage Ill, IV and V: the acceleration, second deceleration periods and slow reaction periods.

The acceleration period corresponds to the acceleration of the reaction due to massive precipitation
of hydrates and leads to the setting and solidification of the cementitious matrix. It is generally
accepted that the reaction rate is controlled by the nucleation and growth of C-S-H during this stage.
However the mechanism of C-S-H growth remains unclear. Garrault and Nonat [14] suggested that C-
S-H clusters form by heterogeneous nucleation at the C;S surface and then grow by aggregation of
units of C-S-H . More recently, Bishnoi [18] suggested that during the acceleration period a loosely
packed C-S-H filled a large fraction of the microstructure and the subsequently packing density
increases with hydration. Assuming this growth model and using the modeling platform pic, Bishnoi
was able to model the acceleration period but more importantly, the transition between the
acceleration period and the second deceleration period. The deceleration of the reaction has
generally been attributed to the transition to stage V where the reaction rate is controlled by a
diffusion regime though a dense layer of hydrates formed around the C;S grains [2]. However the
recent modeling work of Bishnoi showed better coherence between the model and experimental
results assuming that a space filling effect (the deceleration of the reaction rate due to impingement

between neighboring nuclei) was controlling the reaction rate during this step.

4.1.2 Interaction between the cement phases

Portland cement is composed of calcium silicate (alite and belite), calcium aluminate (C;A and C,AF)
and calcium sulfate phases (gypsum, anhydrite and hemihydrate). The heat evolution profile of

ordinary Portland cements is very similar to that of alite, see Figure 4-2. As in alite pastes a
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dissolution peak (peak 1) is followed by an induction period and then a re-acceleration of hydration is
observed. Peak 2 is attributed to alite hydration. The differences from the alite calorimetric curve,
such as the peaks 3 and 4, come from the presence of the C;A phase and its reaction with calcium
sulfate. These peaks are however not always well defined in the calorimetric curve of OPC. Peak 3
was often attributed to the monosulfoaluminate formation. However, Scrivener [19] suggested that
peak 4 is caused by monosulfoaluminate formation and peak 3 is due to a second formation of

ettringite.

Heat flow

4

~10m ~3h ~10 h ~24 h

Figure 4-2: Typical calorimetric curve of an OPC. Exothermic peak 1: dissolution of the species. Peak 2: alite

reaction. Peak 3: second formation of ettringite. Peak 4: formation of monosulfoaluminate.

In OPC the cement phases do not hydrate in isolation and many chemical and physical interactions
between them can change their mechanisms and/or kinetics of hydration compare to the pure
systems. In order to understand these interactions, researchers have studied the hydration reaction
of model cements made of mixture of cement phases. The most basic mixture of pure phases that
react like a cement is composed of three phases: alite, C;A and gypsum as belite and C,AF are known

to have a minor contribution at early ages.

The first studies on this kind of multi-phase system are reported in the 70’s with the studies of
Tenoutasse [20] Corstanje et al. [21-24], Regourd et al. [25] and Hannawayya [26, 27]. Corstanje et
al. studied by calorimetry model systems composed of 75% C;A — 25% C;S with additions of gypsum
from 0 to 8%. These systems are far from the composition of real cements where the C;S, C;A and
gypsum contains are respectively close to 90% - 6% and 4% (if belite and C4AF are not taken into
account and the amount of the C;S and C;3A is renormalized). However, they observed that only the
kinetics of C3A hydration is modified with increasing gypsum content, the C;S hydration remain
unaffected. Tenoutasse studied a more realistic composition (80% CsS, 20% C;A and gypsum
additions from 0 to 6%). He observed that with low gypsum additions the peak due to C;A reaction
occurs first and that the peak due to the silicate hydration is retarded like the undersulfated cements
reported by Lerch [28]. However, when the silicate reaction occurs before gypsum consumption its

peak is practically unchanged.
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The phase assemblage of model cements was studied by Hannawayya [26, 27]. These studies show
that with a typical OPC composition, the phase assemblage of mixed C;S, C;A and gypsum is the sum
of the phase assemblages observed in pure systems. Hannawayya [26, 27] observed after 7 days by
XRD peaks due to the presence of CH and ettringite. As the hydration proceeds, the ettringite reacted
with C;A to form monosulfoaluminate (C,ASH,,) and traces of hydroxy-AFm (C,AH,5) were found. For
systems composed of 76%CsS — 19% C;A -5% gypsum Regourd et al. [25] found by EDS analysis that
calcium silico aluminate hydrates analogous to ettringite and monosulfoaluminate could be formed.
With higher gypsum content, however, these phases were unstable and converted into calcium

sulfoaluminate hydrates.

More recently Minard [29] investigate how the kinetics of alite hydration is modified in cements. To
do so, she studied alite hydration in solution containing different ions such as aluminate and sulfate

ions. Subsequently systems containing alite with C;A-gypsum additions were investigated.

=  Minard’s results in diluted suspension and in pastes show that alite hydration is slowed down
in the presence of aluminate ions in the pore solution.

= In the presence of only calcium sulfate the rate of alite reaction is increased but the
induction period remains unchanged.

=  While the presence of aluminate and calcium sulfate ions in solution influences the kinetics
of alite hydration, in the presence of C;A and gypsum phases, the kinetics of alite reaction

remain almost identical in model cements and in pure systems (Figure 4-3).

The effects of the aluminate and calcium sulfate ions in solution on the alite reaction tend to be

canceled out in cement pastes since they are consumed by C;A hydration.
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Figure 4-3: Heat evolution profiles of model cement pastes of different composition. The composition of the
model cements influences mainly the aluminate reaction. The silicate reaction is almost unchanged.

Reproduced from [29].

It is important to note that all the previous studies described here have been carried out on mixtures
of alite, C;A and gypsum powders while in Portland cement, the alite and the aluminate phases are
present as polyphase grains. The studies of Di Murro [30] on mixtures of pure phases (monophase
grains) and polyphase grains of alite and C;A mixed with gypsum showed significant differences in
the hydration kinetics, mainly that of C;A, depending on the monophase or polyphase nature of the
cement grains. She observed that the calorimetric peak attributed to the C;A reaction with ettringite
to form monosulfoaluminate occurs later in systems composed of monophase grains (Figure 4-4).
She explained this feature by the fact that the phase availability is different in monophase and
polyphase systems. In polyphase grains, the minor phase C3A is then better dispersed and present in
small amounts in all the cement grains instead of few coarse monophase C;A grains. Its specific

surface is also higher than in monophase systems, leading to a higher reactivity.
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Figure 4-4: Heat evolution and conductivity curves of monophase and polyphase model cement pastes
containing 73% alite — 18% C;A — 9% gypsum. The aluminate reaction is strongly influenced by the

monophase / polyphase nature of the grains. Adapted from [30].
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4.1.3 Microstructure of cementitious materials

C-S-H is the most important hydrate in the microstructure. Two different terms are used to
distinguish C-S-H in the microstructure of Portland cement: the “inner” and the “outer” products.
The inner product forms within the boundary of the original grains and has homogeneous
morphology [31]. The outer product forms in the matrix and has a fibrillar or foil-like morphology
[31]. The matrix is a mixture of the four major hydrates: C-S-H, CH, Afm, and Aft. Of these, C-S-H and
CH are by far the most abundant (Figure 4-5).

Figure 4-5: SEM — BSE image of ordinary Portland cement at 24h of hydration. Reproduced from [32].

The microstructural development of Portland cement during the hydration reaction was described by
Scrivener as presented in Figure 4-6 [19]. Within the first minutes after contact with water, the
aluminate part of polyphased cement grains reacts with gypsum and water to form an amorphous
aluminate rich gel (now thought to be AFm as discussed in the previous chapter) and ettringite rods.
By 10 hours, outer C-S-H is formed on the ettringite rod network leaving a space of around 1um
between the grain and the shell of hydrated product. The formation of a separated shell of hydrates
around the hydrating grains is a particularity of the microstructural development of cement pastes.

These grains are named after the discoverer as Hadley grains [33, 34].
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Figure 4-6: Microstructural development of cement grains. Adapted from [19].

After 18 hours, long rods of AFt are formed from the secondary hydration of C;A and C-S-H inner
product start to form inside the shell. In a microstructure old of around 1 to 3 days, AFm hexagonal
platelets, arising from the reaction between the C;A and the AFt, can be observed. By 14 days, the
space between the cement grain and the shell of hydrated product is filled by the inner C-S-H.
Remaining anhydrous material reacts slowly up to several years to form more inner C-S-H. Some
hollow-shells, where only the shell of hydration product remains after the complete reaction of the

cement grain, may be found in the microstructure.

4.1.3.1 Microstructure of alite pastes

The microstructure of alite paste is similar to that of cement, but with some important differences
that concern the morphology and the dispersion of portlandite. In OPC portlandite grows with
variable shape and deposits everywhere in the matrix, in alite pastes portlandite grows into large CH

clusters (Figure 4-7).
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Figure 4-7: SEM image of alite paste at 24h of hydration. The main difference with the microstructures of

OPC is the formation of big clusters of CH. Reproduced from [32].

Gallucci and Scrivener [35] studied different model cementitious systems such as alite with and
without gypsum addition, alite-C;A-gypsum systems and OPC. They reported two types of systems
from the point of view of CH distribution depending if C;A was present in the system or not. They
observed that CH precipitated preferentially in the vicinity of gypsum grains but it seems that the

dispersion of CH in the matrix is strongly related to the presence of aluminate phases.

Another difference discussed between microstructures of cement and alite pastes concerns the
formation of Hadley grains. While the abundant occurrence of Hadley grains is reported in cement
pastes some early reports stated that Hadley grains do not form in alite pastes [36]. The formation of
these grains was associated with the presence sulfate and aluminate phases together with alite [36].
Moreover, the formation of Hadley grains was associated by Scrivener with the polyphase nature of
cement grains as she observed close contact between the hydrating grains and the layer of hydrates
in model cements made of a mixture of monophase grains of alite, C;A and hemihydrate. It has to be
noted that Gallucci et al. [37] have shown by TEM images that these shells are not empty but filled
with C-S-H which has a lower density than the rest of the hydration product. Whether hollow-shells
are hollow or contain a low density product does not change the fact that gapped Hadley grains are

rarely observed in alite pastes (only for small grains), while their occurrence is quite common in OPC.

However, the recent observations of Kjellsen and Lagerbald [38, 39] seem to challenge the claim that

gapped Hadely grains do not occur in alite pastes. They reported the evidence of hollow shells in alite

pastes at 24 hours of hydration and the presence of narrow gaps between alite grains and the
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hydration product at earlier ages (around 10h of hydration) (Figure 4-8). They state that the hollow
shells usually observed at 24h of hydration seem to be the remnant of the small gapped grains seen
at early ages. Therefore the hydration mode that leads to the formation of Hadley grains seems to

occur in both Portland cement and alite pastes.

Figure 4-8: SEM images of a cement paste (13h of hydration) (left) and alite paste (13h of hydration) (right).

Gapped Hadley grains are observed also in alite pastes but only for the smaller grains and at earlier ages

compare to OPC pastes. Reproduced from [39].
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4.2 Objectives of the study and experimental plan

The previous chapter described the calcium aluminate — calcium sulfate reaction. The aim of this
chapter is to study the interactions of these systems with alite when hydration occurs in multi-phase
systems. Indeed, cement hydration is not the simple sum of the reactions of its constituents, but the
result of multiple interactions between all the phases. The comprehension of these interactions, is
necessary to understand the influence of the cement composition (in particular the amount of C;A
and the sulfate balance), on the microstructural development and hydration kinetics. Such
knowledge is crucial for the further development of models such as pic and the development of more

sustainable cementitious materials.

For this study, model cements composed of alite, C;A and gypsum were prepared and their hydration
was studied. First, the influence of the composition and the differences between the reaction of
individual cement phases when hydration occurs in pure systems or in multi-phase systems were
investigated in terms of phase assemblage and microstructural development. Subsequently the
kinetics of reaction was studied by isothermal calorimetry. Model cements with different and
controlled compositions were investigated. As gypsum controls C;A hydration it was possible to
influence the aluminate reaction and study its interaction with alite depending on the relative time of
occurrence of both reactions adding different amounts of gypsum to the model cements, while the
alite/C5A ratio was kept constant at 92/8, which is the typical ratio between alite and C;A in Portland
cement (average calculated based on Rietveld analysis of several Portland cements [40]). Other
model cements with different alite/C;A ratios were also studied. All these systems are called
monophase cements as they are made of monophase grains of pure alite, C;A and gypsum, in
contrast to polyphase cements that are made of polyphase clinker composed of both alite and C;A.
Polyphase cements composed of alite/C;A clinker with different gypsum additions were also
prepared to investigate how the monophase or polyphase nature of the cements affects the
hydration of the cement phases and if the features observed in monophase systems can also be
observed in polyphase systems. Indeed, the dispersion of the anhydrous phases, especially C;A
which is the minor phase, has a significant effect on the hydration kinetics of the model cement as
already highlighted by Di Murrro [30] The compositions of the different monophase and polyphase

model cements are given in Table 4-1 and Table 4-2.
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Table 4-1 Compositions of the monophase model cements

wt% wt%

wt% C;A wt% gypsum

Monophase wt% alite Alite/C;A | CA/gypsum
(Batch C) (Merck)

ratio ratio
M_2%G 90.20 7.84 1.96 92/8 80/20
M_2.6%G 89.61 7.79 2.60 92/8 75/25
M_3.3%G 88.95 7.73 3.31 92/8 70/30
M_4.1%G 88.23 7.67 4,13 92/8 65/35
M_5%G 87.37 7.60 5.03 92/8 60/40
M_6.2%G 86.34 7.51 6.15 92/8 55/45
M90/10_6.3%G 84.37 9.37 6.25 90/10 60/40
M94/6_3.9%G 90.38 5.77 3.85 94/6 60/40

Table 4-2: Compositions of the polyphase model cements

wt% gypsum wt% wt%
Polyphase wt% clinker
(Merck) Alite/C;A CsA/gypsum
P90/10_20G 97.56 2.44 90/10 80/20
P90/10_30G 95.89 4.11 90/10 70/30
P90/10_35G 94.89 5.11 90/10 65/35
P90/10_40G 93.75 6.25 90/10 65/35
P_2%G = P92/8_20G 98.04 1.96 92/8 80/20
P_2.6%G =P92/8 25G 97.40 2.60 92/8 80/20
P_3.3%G = P92/8 30G 96.68 3.32 92/8 70/30
P_4.1%G = P92/8 35G 95.9 4.1 92/8 65/35
P94/6_20G 98.52 1.48 94/6 80/20
P94/6_30G 97.49 2.51 94/6 70/30
P94/6_35G 96.87 3.13 94/6 65/35
P94/6_40G 96.15 3.85 94/6 60/40

The x-ray diffraction patterns, the SEM images, particles sized distributions and calculated specific

surface areas of the powders are reported in CHAPTER 2.
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The research was extended to systems with low gypsum content, so called undersulfated systems.
With undersulfated systems, the aluminate reaction to form AFm phases occurs before the alite
reaction [28]. The alite peak is then drastically lowered and delayed compare to heat evolution
profiles of properly sulfated systems. The reason for renewed interest in the undersulfation problem
is that it is sometimes found that commercial cements which are properly sulfated from the point of
view of hydration without additives or additions, may behave in an undersulfated manner when used
in the field with additives or mineral additions [41]. This behavior leads to problems of improper
setting and hardening. It is therefore crucial to understand the reactions concerning the aluminate

sulfate balance.

Additional experiments were carried out on alite and C;A-gypsum systems. Alite-gypsum as well as
model systems composed of an inert filler and C;A-gypsum were prepared as summarized in Table
4-3. The Filler systems have the same composition as the Monophase systems except that alite was
replaced by quartz (with a PSD similar to alite) as inert filler. These last samples were prepared in

order to study the effect of dilution of the C;A-gypsum reaction.

Table 4-3: Compositions of the systems prepared for additional experiments

Additional wit% filler | wt% CA | wt% gypsum wt% wt%
wt% alite
experiments (Quartz) (Batch C) (Merck) Filler/C3A | C3A/gypsum

Alite_2%G 98 2
Alite_5%G 95 5
Alite_10%G 90 10

F 2%G 90.20 7.84 1.96 92/8 80/20

F_3.3%G 88.95 7.73 3.31 92/8 70/30

F_5%G 87.37 7.60 5.03 92/8 60/40

The experiments carried out on all these samples are summarized in Table 4-4.
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Table 4-4: Summary of the model systems and experiments

Phase assemblage Microstructure
Samples\ experiments | Kinetics (calorimetry)
(XRD) (SEM)
M_2%G @15,20,26 ,30°C X
M_2.6%G @15,20,26 ,30°C X
M_3.3%G @15,20,26 ,30°C X
M_4.1%G @15,20,26 ,30°C X
M_5%G @15,20,26 ,30°C X
M_6.2%G @15,20,26 ,30°C X
M90/10_6.3%G @ 20°C
M94/6_3.9%G @15,20,26 ,30°C
P90/10_20G @ 20°C
P90/10_30G @ 20°C
P90/10_35G @ 20°C
P90/10_40G @ 20°C
In-situ at early ages
P92/8_20G @15,20,26 ,30°C X
@26°C
In-situ at early ages
P92/8_25G @15,20,26 ,30°C X
@26°C
In-situ at early ages
P92/8_30G @15,20,26 ,30°C X
@26°C
In-situ at early ages
P92/8_35G @15,20,26 ,30°C X
@26°C
P94/6_20G @ 20°C
P94/6_30G @ 20°C
P94/6_35G @ 20°C
P94/6_40G @ 20°C
alite @15,20,26 ,30°C
alite-2%G @ 20°C X
alite-5%G @ 20°C X
alite-10%G @ 20°C X
F_2%G @ 20°C
F_3.3%G @ 20°C
F_5%G @ 20°C




4.3 Evolution of the phase assemblage in multi-phases systems

From previous studies on model cements [26, 27] and OPC it is know that generally the same phases
are generated in cements as in pure systems. Alite reacts with water to form C-S-H and CH. C3A and
gypsum hydrates to form ettringite and AFm phases. The aim of this study was to investigate the
differences that may exist in the kinetics of formation / dissolution of the phases between the pure
and multi-phase system and correlate the evolution of the phase assemblage with the heat evolution
profile. We choose to study the four polyphase model cements with an alite/C;A ratio of 92/8 as
these model systems have composition close to that of real cements. The phase assemblage was

monitored during the first hours of hydration by in-situ XRD (sampling rate = 14min).

The evolution of the phase assemblage obtained for these four systems are presented in Figure 4-9
to Figure 4-12. As expected the same phases are formed in pure systems and in model cements, the
aluminate phase assemblage depends on the gypsum content: low gypsum contents lead to the
formation of both monosulfoaluminate and hydroxy-AFm (sample P92/8 20G) while only
monosulfoaluminate (C,ASH.) is formed for higher gypsum contents (samples P92/8 25G,
P92/8 30G and P92/8 35G). The sample P92/8 25G showed the kinetics of undersulfated system
with the aluminate reaction occurring before the silicate one but had a phase assemblage similar to

properly sulfated systems.
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Figure 4-9: Evolution of the phase assemblage and heat flow during the first hours of hydration
Sample P92/8 20G (undersulfated system).
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Figure 4-10: Evolution of the phase assemblage and heat flow during the first hours of hydration
Sample P92/8_25G (undersulfated systems).
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Figure 4-11: Evolution of the phase assemblage and heat flow during the first hours of hydration
Sample P92/8 30G (properly sulfated systems)
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Figure 4-12: Evolution of the phase assemblage and heat flow during the first hours of hydration
Sample P92/8_35G (properly sulfated systems). It can be observed that C;A dissolves rapidly after the
depletion of gypsum while ettringite continue to form during few hours.

One important difference between the pure and the multi-phase systems can be observed in Figure
4-12 for the sample with the higher gypsum content: while in pure C;A-gypsum systems ettringite
start to dissolve immediately after gypsum depletion; in the presence of alite we observed the
formation of ettringite even after gypsum consumption. This phenomenon occurs at the time
corresponding to the heat development that forms a shoulder on the silicate peak of the calorimetric
curve. These results confirm the hypothesis of Scrivener [19] who suggested that this heat
development was due to the second ettringite formation. Some of the sulfate adsorbed on C-S-H can
react to form more ettringite after gypsum depletion as shown by Gallucci et al. [37]. The formation
of monosulfoaluminate seems to start right after gypsum depletion. Therefore in model cements we
can observe the simultaneous formation of ettringite and monosulfoaluminate for few hours after
gypsum depletion. In contrary to the C;A-gypsum system, ettringite is still stable during several hours

after the gypsum depletion.
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4.4 Influence of the cement composition on the microstructure

As discussed in the literature review there are some differences between the microstructure of OPC
and alite pastes. In this section several model systems were studied in order to highlight the origin of
these differences. The localization of the hydrates (silicate and aluminate) in the matrix was of
particular interest. For this microstructural study, polished sections of model systems of different
compositions were prepared and observed by scanning electron microscopy (back scattered

electrons).

4.4.1 Portlandite precipitation

It is known that when alite hydrates alone, portlandite precipitates as clusters which grow from a few
places in the matrix, whereas in OPC, portlandite crystallizes and grows everywhere in the matrix
with variable shape. The results of Gallucci and Scrivener [35] on model systems composed of alite
with and without gypsum addition and model cements with monophase and polyphase grains show

that the dispersion of CH is mainly due to the presence of calcium- aluminate hydrates in the paste.

In the present study the distribution of portlandite in the microstructure was investigated in model
systems of various compositions as presented in Figure 4-13 where they are compared to OPC and
alite pastes. The case of the undersulfated cement was of particular interest as it has been less

investigated in the past.

Very similar microstructures were obtained for both properly sulfated and undersulfated cements.
The dispersion of the precipitates of CH in these systems is closer to the one observed in OPC than
the one observed in alite microstructures even though the precipitates seem slightly bigger than in
OPC. These observations confirm the hypothesis of Gallucci and Scrivener that it is the presence of
aluminate phases more than gypsum that influences the distribution of Portlandite in the
microstructure [35]. Indeed, undersulfated systems, where the gypsum is consumed before the
beginning of alite reaction, show microstructures similar to the properly sulfated systems from the
point of view of CH distribution. No significant difference was observed in the distribution of CH

between polyphase and monophase systems.

Therefore, if the three main components of cement (alite, C;A and gypsum) are present, the

precipitation of CH is not affected by small changes in the composition of the original mix.
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(e) Undersulfated polyphase cement 24h (f) Properly sulfated polyphase cement 24h
Figure 4-13: Comparison of CH dispersion in OPC, alite and different model systems. The dispersion of CH
observed in model cements is closer to the one observed in OPC than the one of alite. However, the

precipitates seem slightly bigger in these model cements than in OPC.
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4.4.2 Aluminate hydrates

The distribution of the aluminate hydrates in the microstructure of model cements of different
compositions was investigated and compared to the microstructures observed for pure C;A-gypsum

systems (Figure 4-14).

Even though aluminate hydrates were observed everywhere in the matrix it seems that they
precipitate preferentially around the C;A grains in the case of monophase systems, as in the
microstructure of pure systems. The main differences between C;A-gypsum systems and monophase
cements are that the dense inner product was not present in the monophase cements as much as in
the pure systems and hydrogarnet shells were not observed in model cements even in undersulfated

systems after 28 days of hydration.

The distribution of the aluminate hydrates was significantly different in the microstructure of
polyphase systems. The hydrates do not precipitated around cement grains but are dispersed in the
matrix as in an OPC microstructure. This important difference between the monophase and
polyphase systems that was also highlighted by Di Murro [30] is due to the fact that C;A is present
together with alite in all the cement grains in polyphase model cement and OPC while pure CA
grains are present in monophase and in pure Cs;A-gypsum systems. It seems therefore that the
difference in the distribution of the aluminate hydrates between the C;A-gypsum systems and OPC is

due to the polyphase nature of the grains.
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Figure 4-14: Comparison of the distribution of aluminate phases in C;A — gypsum pastes and in different
model systems. The distribution of the aluminate hydrates is significantly different in polyphase systems
where the C;A is present in the alite grains. No hydrogarnet shells where observed when alite is present in

the system.
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As in pure C3A-gypsum systems the formation of a significant amount of AFm can be observed after

the surge in C;A reaction that occurs after the consumption of gypsum (Figure 4-15).

P92I8_4.1%G_1d 3 20 P92/8_4.1%G_3d
MAG: 3000 X HV: 15.0 KV e MAG: 6000 X HV: 15.0 kV

(a) at 1 day of hydration (b) at 3 days of hydration
Figure 4-15: A densification of the matrix can be observed with the formation of monosulfoaluminate

between 1day and 3 days of hydration. Sample: P_4.1%G.

The change in the composition of the finely intermixed outer product (C-S-H with aluminate phases)
can be observed by EDS analysis (Figure 4-16). The EDS analysis collected were statistically analyzed
and plotted on Al/Ca vs. S/Ca ratio graphs. This representation leads to identification of phases or
mixture of phases: when the points lie on the line joining the composition of two phases, we assume
that we have a mixture of these phases. For the sample P_4.1%G the change between a matrix
composed of C-S-H and ettringite to a matrix composed of C-S-H and monosulfoaluminate occurs
between 18h and 24h of hydration. At 24h of hydration both ettringite and monosulfoaluminate are

present in the microstructure, at 3 days only AFm hydrates are present together with C-S-H.

However, the transition from a phase assemblage composed of ettringite to AFm as aluminate
phases occurs at a slower rate compare to the pure C;A-gypsum system. This is coherent with the
XRD measurements previously described that show that ettringite and monosulfoaluminate can co-
exist during several hours after gypsum depletion and that the dissolution of C;A and ettringite to
form monosulfoaluminate is slower in model cements than in pure C;A-gypsum systems (Figure 4-12
and Figure 3-6). It is also interesting to note in Figure 4-16 that the sulfur content in the mixture of C-
S-H and ettringite drop between 15 and 18 hours of hydration. This drop may correspond to the

second ettringite formation.
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Figure 4-16: Phase assemblage obtained from EDS analyses. As hydration proceeds, the phase assemblage
goes from an intermixing of C-S-H and ettringite to C-S-H and monosulfoaluminate. Sample P_4.1%G
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Figure 4-17: Influence of the gypsum content on the morphology of the AFm platelets in polyphase model

cements. Slightly longer AFM platelets were observed in systems with lower gypsum content.
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The morphology of the aluminate phases is influenced by the gypsum content in model cement as in
C;A-gypsum systems. It was observed in pure systems that the AFm platelets are longer when the
gypsum content is low (Figure 3-19). The same feature is observed for the aluminate hydrates in
model cement as reported in Figure 4-17 although the difference is less pronounced than in C;A-
gypsum systems. Longer AFm platelets are present in the microstructure of the undersulfated
cement P_2%G while platelets are smaller in the properly sulfated cements P-3.1%G and P_4.1%G.
The AFm platelets are particularly massive in the microstructure of the undersulfated cement

P_2.6%G that is characterized by a highly exothermic aluminate peak.

443 C-S-H

The difference in the chemical composition of the C-S-H as well as the occurrence of Hadley grains
depending on the cement composition was investigated. C-S-H composition was measured by EDS
analysis. The mean S/Ca and Al/Ca ratios of different model systems are reported in Figure 4-19 to
Figure 4-22. C-S-H is usually finely intermixed with the aluminate hydrates as can be observed in the
S/Ca vs. Si/Ca and Al/Ca vs. Si/Ca graphs presented in Figure 4-18. In order to obtain the S/Ca and
Al/Ca ratios of C-S-H the data used for the calculation were restricted to the points that form the
cluster of data where the lines between aluminate and C-S-H and CH and C-S-H join (in red in Figure
4-18 ). A mean value was calculated and the error bars in Figure 4-19 to Figure 4-22 correspond to

the standard deviation.
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Figure 4-18: Data processing for calculation of S/Ca and Al/Ca content in C-S-H. The data used for the
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calculation of the chemical composition of C-S-H were restricted to the points that form the cluster of data

where the lines between aluminate and C-S-H and CH and C-S-H join.
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The main difference in the chemical composition of the C-S-H observed between the model cement
comes from the undersulfated or properly sulfated nature of the systems. In properly sulfated
systems, when the main reaction of alite occurs when gypsum is still present, a significant amount of
sulfate is adsorbed on the C-S-H. However, the sulfate ions that are adsorbed on C-S-H are released
as the hydration proceeds. It is hypothesized that these sulfate ions react with C;A to form more
ettringite after the depletion of gypsum. This is the second formation of ettringite as described by
Scrivener [19]. This phenomenon occurs in both monophase and polyphase systems. The work of
Gallucci et al. [37] on the microstructural development of Portland cements also shows a drop in the
sulfate content of the C-S-H shell after gypsum depletion associated with the formation of ettringite
within the hydrate shell. Whereas most sulfate ions are released, some remain adsorbed on C-S-H
after 3 days of hydration. The gypsum amount that is finally available for the reaction with aluminate
phases is then lower than what can be expected from the cement composition. In the case of
undersulfated cements, the amount of adsorbed sulfate ions on C-S-H is significantly lower. This
occurs probably because all the gypsum is consumed by the reaction with C;A before the C-S-H

growth.

Another important difference in the chemical composition of C-S-H between undersulfated and
properly sulfated systems is the Al content of the C-S-H. It is known that the Al ions can substitute Si
in C-S-H. In this work it was observed that the Al content of C-S-H tends to increase after the
calorimetric peak due to the reaction of C;A and ettringite to form monosulfoaluminate, because
during ettringite formation all the Al ions coming from the dissolution of C;A are used to form
ettringite and are not available in solution. The Al content of C-S-H during the growth period is

therefore higher for undersulfated systems.

These differences in the chemical composition at the time of growth of C-S-H may modify the kinetics

of the reaction during the growth of C-S-H depending on the composition of the original mix.

The precipitation of C-S-H around anhydrous grains varies also with the cement composition. While
in OPC pastes the formation of Hadley grains (both hollow shells and gapped grains) are common, in
alite pastes this kind of microstructure is observed only for small grains. For bigger grains close
contact between the anhydrous grain and the layer of hydrate is observed. It was suggested that the
occurrence of Hadley grains for bigger grains is related to the polyphase nature of the cement grains
as is they are usually not observed in monophase systems [36]. In this microstructural study gapped

Hadley grains where observed for polyphase systems but also for monophase model cement (Figure
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4-23). In this last case gapped Hadley grains were observed only in the microstructure of

undersulfated systems.

M_2%G_1d M_5%G_1d
MAG: 6000 X HV: 15.0 KV MAG: 6000 x HV: 15.0 kV

P_2%G_1d P_4.1%G_1d
MAG: 12000 x HV: 15.0 kV MAG: 12000 x HV:15.0 kV

(c) Undersulfated polyphase cement 24h (d) Properly sulfated polyphase cement 24h
Figure 4-23: Comparison of the gapped Hadley grains formed at 24h of hydration for different cement
compositions. Gapped Hadley grains were observed also in the microstructure of monophase model

cements, but only in the case of undersulfated systems.

No gapped Hadley grains were observed in alite-gypsum microstructures. It can be therefore
suggested that the aluminate phases or hydrates (and not only when present as polyphase grains)
plays a significant role in the occurrence of such microstructure. It has to be noted however that
very small gaps (that are actually not empty but filled with a low density product that can be
observed only by TEM [37]) were observed in these model systems compare to OPC pastes.
Therefore, it can be suggested that the alkali present in OPC may also play a role in the precipitation

of C-S-H.
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4.5 Influence of the cement composition on the hydration kinetics

In order to investigate the influence of the cement composition on the overall hydration kinetics, the
effect of the interactions between the cement phases needs to be understood. In this section, the
difference in reaction kinetics of the individual cement phases when hydration occurs in pure
systems and in multiphase systems was studied for several model systems. Their hydration was
studied by isothermal calorimetry. The effect of the presence of other phases on alite and C;A —

gypsum reaction were investigated depending on

= the gypsum content (which affect the relative time of occurrence of both reaction)
= the relative amount of both alite and C;A phases
= the distribution of the anhydrous phases (depending on monophase or polyphase nature of

the grains)

4.5.1 Influence of the gypsum content

The heat evolution profiles of model systems with different gypsum additions are presented in Figure
4-24. The gypsum additions of the model cements were chosen to obtain undersulfated cement and
properly sulfated cements. Cements M_2%G and M_2.6%G are undersulfated as the characteristic
sharp peak of the aluminate reaction after gypsum depletion occurs before the silicate reaction and
this later reaction is delayed and its peak lowered compared to properly sulfated systems. The other
cements can be called properly sulfated as the aluminate reaction to form monosulfoaluminate
occurs after the silicate one. The peak due to aluminate reaction is delayed with increasing gypsum
content. This aluminate peak becomes also broader and lower as the gypsum content in the cement

increases.
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Figure 4-24: (a) Overview of the heat evolution curves for the monophase cements (b) zoom on the

undersulfated cements (c) zoom on the properly sulfated cements.
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4.5.1.1 Decoupling method for the calorimetric curves of model cements

In order to compare the hydration kinetics of the individual cement phases when hydration occurs in
pure or in multi-phase systems, the heat evolution profiles of these model cements were decoupled
into alite and C;A-gypsum contributions. The alite and Cz;A-gypsum contributions have been
compared to the heat evolution curves of the pure systems to see how the presence of another
phase changes the hydration kinetics of the individual cement phases. In the present study we
consider the C;A-gypsum system as a pure system. Previous studies [20, 29] have shown that the
effects of C;A and gypsum on alite reaction are different in 2-phases (alite-C;A and alite-gypsum)
systems than in 3-phases (alite-C;A-gypsum) systems since C;A and gypsum react together to form
other hydrates. The presence of C;A and gypsum and their interactions with alite can then not be

dissociated in cements.

The method for decoupling the heat evolution curves assumes that the curve of the model cement is
equal to the sum of the heat evolution curves for the hydration of the single phases present in the
system, adjusted by affine transforms. The heat evolution curves of the pure systems (alite and C;A-
gypsum) were mathematically accelerated (or decelerated) and shifted with an affine
transformations in order to obtain, summing them, the best fit with the heat evolution profile of the
model cement. This transformation consists of a linear transformation and a translation of the

calorimetric curve with the formula:
t, =a(t,—p)
Where: t/=transformed time, o = kinetics factor (acceleration), 8= shift factor, t;= original time

With this affine transformation the intrinsic shape of the peak remains unchanged. The area under

the curve was also kept constant:

L o)

Qi(f)=A

Where: Q; = transformed heat released, A,= area under the original heat evolution curve, A’= area under the transformed
heat evolution curve, Q" = original heat released

An iterative method developed by Dunant [42] was used to calculate the best fit that could be
obtained from a set of given values for the acceleration and the shift of both alite and aluminate
reactions. Because the dissolution peak has distinct kinetics and is difficult to measure, it was
neglected when carrying out the fits. As this method does not always converge satisfactorily
(especially in the case of undersulfated systems) the heat evolution curves of the single phases can
be further adjusted using a scaling factor. This second transformation also conserves the shape of the

peak, but not the apparent area.
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Figure 4-25 shows the six systems with the decoupling into silicate and aluminate contributions to
the heat evolution profile. For all the cements studied it was possible to obtain a reasonable fit of the
main calorimetric peaks, especially the alite peak, with the sum of the calorimetric curves of the pure
systems. This means that the intrinsic shape of the calorimetric peak is the same in model cements
and in pure systems and implies that the presence of another phase in the system does not change

the fundamental mechanisms of the alite reaction; only the kinetics of the reaction is affected.

4.5.2 Influence of the presence of C;A-gypsum on the alite hydration

The calorimetric curves in Figure 4-24 show that the alite hydration is modified in different ways

depending on the undersulfated or properly sulfated nature of the cement.

The kinetic factor - the acceleration 1/a obtained from the decoupling - can be used to quantify the
effects of the presence of other phases on the reaction kinetics of the pure systems. The acceleration
factors calculated for the alite reaction for the different gypsum additions are reported in Figure

4-26.

*

—» Properly sulfated

Undersulfated —€—

acceleration factor of the alite reaction

0 T T T T T
0 1 2 3 4 5 6 7

% gypsum

Figure 4-26: Acceleration factors for the alite reaction depending on the gypsum content obtained from the
decoupling of the calorimetric curves. Two tendencies depending on the undersulfated or properly sulfated
nature of the systems were observed. Alite reaction is accelerated in properly sulfated systems and slightly

slowed down in undersulfated systems.

The two different effects of the presence of C;A and gypsum on the hydration rate of alite depending

on the undersulfated or the properly sulfated nature of the cement are clearly highlighted.
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In the case of the undersulfated cement, the alite reaction is slowed down slightly during the C-S-H
growth period compared to the pure alite system (where the acceleration is equal to 1). The reasons
for this are not clear, but two different phenomena can be at the origin of this slow down. There
could be an effect on the space for nucleation and growth of hydrates. The reaction of the aluminate
phase has already filled the space before the alite reaction and reduces the exposed surface available

for nucleation.

Or there could be reaction a “poisoning” of alite by the aluminate ions present in the C-S-H or in
solution. Indeed, Minard studied the effect of aluminum ions in solution on the hydration reaction of
alite [29]. Her results show that in the presence of aluminum ions the alite reaction is slowed down,
probably due to the modification of the C-S-H growth mode when Al ions substitute Si in C-S-H. In the
present study, the Al content of the C-S-H of undersulfated systems was measured by EDS analysis at
different ages, and compared to the Al content measured in properly sulfated cements. The results
are presented in Figure 4-19 to Figure 4-22. These measurements show that the Al content of the C-
S-H for undersulfated cement is significantly higher that the content measured in the C-S-H for
properly sulfated cements at the time of the main reaction of the silicate phase. This difference in

the Al content of the C-S-H may explain the slower reaction observed for undersulfated cements.

It has to be noted that in order to fit the experimental curve of the undersulfated systems, the use of
a scaling factor of 1.3 was necessary to obtain a good fit of the alite reaction in the decoupling of the
calorimetric curves. This means that the total heat released during alite hydration in undersulfated
systems is higher than in pure alite. This phenomenon can be compared to alite-C;A systems as
described by Minard [29] where the alite peak was much more intense in alite-C;A systems than in
plain alite system. Minard suggested that the difference was due to the higher surface available for
nucleation and growth of C-S-H due to the affinity of C-S-H with the aluminate hydrates. The same
phenomenon, although to a lesser extent, can be evoked in undersulfated alite-C;A-gypsum systems
as similar aluminate hydrates are precipitated. It is however interesting to note in the cumulative
heat curves (Figure 4-27), that the overall degree of reaction in all the systems is almost identical

from 30 hours of hydration.

Several phenomenon observed in undersulfated systems could be related to what occurs in alite-Al
solution and alite-C;A systems. However, due to the complexity of the interactions in multi-phase
systems it was not possible to clearly identify the mechanism that causes the slow down of the

reaction.
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Figure 4-27: Cumulative heat curves of the monophase cements. The overall heat released by the reaction is

almost the same for all the systems after 30h of reaction.

In the case of the properly sulfated cements, the alite reaction in model cements is significantly
accelerated compared to the pure system. This acceleration may be related to the adsorption of
sulfate ions that may modify the growth mode of C-S-H compare to pure alite systems and be at the

origin of this acceleration as described by Minard [29].

4.5.2.1 Effect of gypsum alone on alite hydration

Additional experiments were carried out on alite-gypsum systems to investigate the origin of the

acceleration of alite hydration in the presence of C;A and gypsum.

An acceleration of the hydration rate of alite was also observed in systems containing only alite and
gypsum (Figure 4-28). The acceleration observed previously in model cements is therefore probably
due to the presence of gypsum. This acceleration of the alite reaction in the presence of gypsum was
already reported by Minard [29], however she did not report any acceleration in the presence of
both C3;A and gypsum as we observed with our samples. On Figure 4-28 it can be observed that the
alite peak is significantly accelerated in the presence of only 2% replacement of gypsum. The
acceleration is maximal with 5% replacement and slightly decreases for the sample with 10%

replacement. This observation agree with the fact that there is probably an optimum of gypsum
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content in cement pastes that lead to higher mechanical performances at early ages [2, 28]. The
acceleration factors obtained from the decoupling of the calorimetric curves (Figure 4-26) show a
maximal acceleration for a gypsum addition of 3.3% of gypsum. This value can therefore be

considered as the optimal gypsum addition for these systems.
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Figure 4-28: Heat evolution curves of alite-gypsum systems. An acceleration of the reaction rate in the

presence of gypsum could be observed.

In addition, it can be noted that in Figure 4-28 that whereas the nucleation — growth period of the
alite reaction is accelerated in the presence of gypsum, the induction period is longer. The same

feature can be observed in the heat evolution curves of the model systems in Figure 4-24.

4.5.3 Influence of the presence of alite on the C3A-gypsum hydration

Discrepancies were observed between the experimental and calculated curves (Figure 4-25),
especially for the properly sulfated model cements. There are more exothermic peaks than the ones
obtained summing the contributions of the pure systems. The three peaks that follow the main
silicate peak (named S in Figure 4-29 ) were all attributed to the aluminate reaction since their time

of occurrence is influenced by the gypsum content of the cement.
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Figure 4-29: Difference between the calorimetric curve of the model cement M_5%G and the sum of the alite

and aluminate contributions. Multi aluminate peaks occurs in the presence of alite.

For pure C;A — gypsum systems, the heat evolution profile is characterized by only one sharp
exothermic peak, while in multi-phases systems three peaks can be attributed to the aluminate
reaction. The aluminate reaction is therefore modified in multi-phases systems compare to a pure

Cs;A-gypsum system, especially in the case of properly sulfated cements.

Aluminate peak 1 (Al in Figure 4-29) was attributed to the second ettringite formation by Scrivener
[19] in 1984. The in-situ XRD measurements on model cements presented in Figure 4-12 show that
this peak corresponds to the dissolution of C;A after gypsum depletion and continuous ettringite
formation. While in pure C3A-gypsum systems ettringite starts to dissolve immediately after gypsum
consumption, together with C;A to form monosulfoaluminate (Figure 3-6), in the presence of alite,
continued ettringite formation was observed after gypsum depletion associated with a surge in C;A
dissolution. The chemical analyses of the C-S-H during the first hours of reaction show a decrease of
the sulfur content of the C-S-H with time (Figure 4-19). The same feature was also observed in
Portland cement by Gallucci et al. [37]. Some of the sulfate ions adsorbed on C-S-H can therefore be
released to form more ettringite after gypsum depletion. This difference in the evolution of the
phase assemblage between the pure C;A-gypsum systems and the model cements can explain the

presence of multiple peaks in the calorimetric curves of model cements.

The peak A2 is the largest aluminate peak that can be compared to the peak observed in pure CA-
gypsum system. In Figure 4-30 pure C3A — gypsum systems are compared to the model cements that
have the same C;A/gypsum ratio. Systems where alite was replaced by an inert filler (quartz) are also

plotted in these figures.
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Figure 4-30: Aluminate reaction in pure C;A-gypsum, Filler- C;A-gypsum and in alite- C;A-gypsum systems.

The aluminate peak A2 occurs earlier in the presence of alite.
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It can be observed that peak A2 appears earlier in model cements than in pure systems for a same
C;A/gypsum ratio (Figure 4-31), while the time of occurrence of this peak seems not much influenced
by the dilution of the species as it appear almost at the same time in C;A-gypsum systems and in the

presence of filler.
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Figure 4-31: Time of occurrence of the A2 peak in model cements and in C;A-gypsum systems. The aluminate

peak A2 occurs earlier in the presence of alite.

The difference observed in the presence of alite is probably due to the fact that sulfate ions can be
adsorbed on the silicate phases and even though some can be released to form ettringite after
gypsum consumption, a significant amount of sulfate remains adsorbed, on C-S-H. Moreover, this
peak, which is usually very sharp in pure C;A-gypsum systems, becomes lower and broader with
increasing gypsum. The same feature was observed in C;A-gypsum systems but seems to be
intensified in the presence of alite. This peak broadening can be attributed to the fact that for
properly sulfated systems, the matrix is already filled by silicate hydrates at the time corresponding
to this reaction. Plotting the height of the peak vs. volume available in the paste (output of the
model pic, (A.Kumar, work in progress LMC)) a linear trend can be observed (Figure 4-32). The space

available for the reaction seems therefore to have a significant influence on peak A2.
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Figure 4-32: A linear trend between the height of the aluminate peak and the volume available for the

reaction was observed.

The third peak (A3) is still not clearly explained but it is probably related to the formation of
monosulfoaluminate. It is interesting to note that the time of occurrence as well as the intensity of
this peak in influenced by the w/c ratio. With increasing w/c ratio (and therefore with increasing
space available) this peak tend to occur later and to be lower while the other aluminate peaks occur

earlier and are more intense (Figure 4-33).
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Figure 4-33: Influence of the w/c ratio on the aluminate peaks. Peak A3 is suppressed at higher w/c while the

other aluminate peaks are more intense. (Model cement M_5%G)

An aluminate peak with the same behavior was also observed in other systems (CAC [43] and OPC
[44]). It is hypothesized that this peak is related to a second formation of monosulfoaluminate. When

the w/c ratio is low, not all the monosulfoaluminate can be formed at once due to space constrain. A
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second formation can occurs later and cause a small exothermic peak. On the contrary when enough
space is available for the reaction (higher w/c ratio) the reaction that causes peak A2 is more intense
and there is no second reaction that causes peak A3. It is interesting to note that with increasing
space available the peak A2 is more intense and sharper. The possible influence of the space

constrain on the aluminate reaction seems to be confirmed here.

4.5.4 Influence of the C;A content

The influence of the alite/C;A ratio was investigated using model cements with three alite/C;A ratios
but with constant C;A/gypsum ratio. The heat evolution curves of these monophase model systems

are presented in Figure 4-34.
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Figure 4-34: Heat evolution curves of model cements with different alite/C;A ratios. The alite peak is

unchanged. The aluminate peak A2 occurs later for higher aluminate and gypsum contents.

These results show first of all that the alite reaction is not influenced by small variations in the C;A-
gypsum content. The aluminate reaction is much more influenced. It can be observed that the time
of occurrence of the aluminate peak A, does not directly depend on the C;A/gypsum ratio of the
anhydrous mix (that is equal to 60/40 in weight for all the studied systems) but on the total amount
of gypsum available for the reaction. It was previously shown that some of the sulfate ions are
adsorbed on C-S-H. Therefore, assuming that the same amount of sulfate ion are adsorbed on C-S-H
for all the systems, the gypsum available for the reaction directly depends on the total amount
present in the anhydrous mix. As observed previously, the aluminate peak becomes lower and
broader when the aluminate reaction occurs at later ages. This probably because the space is more
and more filled by the calcium-silicate hydrates. It can also be observed that the shoulder on the
silicate peak (A;) is more pronounced for the systems with lower C;A-gypsum content, but the

reasons for this could not be explained.
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4.5.5 Influence of the dispersion of the phases

The influence of the dispersion of the phases depending on the monophase or polyphase nature of
the model cements was investigated by studying the kinetics of hydration of polyphase cements that
have the same composition as the monophase cement previously presented. Different alite/CsA
ratios and different gypsum contents were investigated. The heat evolution curves of the polyphase
cements are presented in Figure 4-35 for the clinker composition 90%alite/10% CsA, in Figure 4-36

for the clinker 92/8 and in Figure 4-37 for the clinker 94/6.

The same behavior as for the monophase cements can be observed. With low gypsum content the
cements behave like undersulfated cements, with the silicate reaction that occurs after the
aluminate one. In the case of properly sulfated cements, the changes in gypsum or C;A amount
influence mainly the aluminate reaction. It is especially interesting to note that the presence of multi
exothermic peak for the aluminate reaction is more pronounced in the case of systems with low C3A

content (Figure 4-37).

Comparing the heat evolution curves of monophase and polyphase cements with the same
composition in terms of alite, C;A and gypsum content (Figure 4-38) it can be observed that the
monophase or polyphase nature of the cement grains influences mainly the aluminate reaction. The
alite reaction is almost unchanged between systems. In the case of properly sulfated cements the
same acceleration of the alite is observed in monophase and polyphase cements. The small
differences in alite kinetics can be attributed to the difference in the particle size distribution
between alite and clinker grains. As the C;A is the minor phase its hydration kinetics is largely
influenced by the availability of the phases. In the majority of the examples presented in Figure 4-38,
the aluminate reaction occurs earlier in the case of monophase cements and the exothermic peak is
higher and narrower. Di Murro has also observed a difference in the kinetics of reaction of the
aluminate phases depending on the monophase or polyphase nature of the model cements [30].
However, her results show a slower reaction in the case of monophase cements, the opposite of
what is seen in this study. She explain the faster reaction of the aluminate phases in polyphase
cements by the fact that the C;A is finer and better dispersed when present in all the clinker grains
instead of few monophase grains. In the present work the aluminate phases reacts faster in
monophase cements. This can be probably attributed to the fact that the synthesized C3A is
especially fine, and finer than the C;A used in the study of Di Murro and to the coarse gypsum used
by Di Murro in her study. The intensity of the aluminate peaks is also modified. Higher peaks are

observed in the case of monophase cements.
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Figure 4-35: Heat evolution curves for the polyphase cements 90/10
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Figure 4-36: Heat evolution curves for the polyphase cements 92/8
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Figure 4-37: Heat evolution curves for the polyphase cements 94/6. The phenomenon of multi-aluminate

peak is more pronounced for the clickers with lower C;A content.
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4.6 Influence of the temperature on the hydration kinetics

The influence of the temperature on the hydration kinetics of the alite and C;A-gypsum in multi-
phase systems has been investigated on several monophase and polyphase model cements. The
scope of this study on temperature effect was to investigate if the alite and aluminate reactions are
affected by the temperature in the same way when hydration occurs in pure and in multi-phase

systems.

The hydration kinetics of the model cements was monitored by isothermal calorimetry at 4 different
temperatures: 15, 20, 26, and 30°C. The calorimetric results obtained for theses model cements are
reported in Figure 4-39, Figure 4-40 and Figure 4-41. For all the systems studied, the reactions occur

faster with increasing temperature and the peak intensities are higher.

The case of the cement P92/8 2.6%G (Figure 4-41) is particularly interesting. At the reference
temperature of 20°C this sample is undersulfated but with an unusual broad aluminate peak and a
delayed silicate peak. At high temperature, the heat evolution profile of this sample looks like usual
undersulfated cement while at 15°C the aluminate and silicate peaks seems to be overlapped. It can
then be thought that at lower temperature this cement may behave in a properly sulfated way.
Therefore cements that have a sulfate content just enough to make them reacting like properly
sulfated cements at room temperature may behave like undersulfated cement in the field at higher
temperature. The cement composition is then not the only parameter that can influence the
interaction between the silicate and aluminate phases. The sensitivity of the different clinker phases
to the temperature may not be the same, leading to different interactions depending on the

temperature.
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The apparent activation energies (Ea) for the alite and aluminate reactions of all these model
cements was calculated with the equivalent time method as described in Chapter 3. The age
equivalent factor was obtained by the superposition of the time corresponding to the maximum of
the exothermic peak for all the temperature. The calculated activations energies are presented in
Figure 4-42 and in Figure 4-43. Ea is the mean value calculated between the three temperatures and

the reference temperature of 20°C. The error bar corresponds to the standard deviation.
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Figure 4-42: Activation energies for the silicate reaction in model cements and in pure alite
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Figure 4-43: Activation energies for the aluminate reaction in model cements and in C;A-gypsum systems.
Only the activation energy corresponding to the first stage of C;A-gypsum reaction (ettringite formation) was

calculated here.
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The alite reaction has a similar Ea in pure and in multi-phase systems. In contrary, the Ea of the
aluminate reaction is slightly lower when hydration occurs in multi-phase systems, even though the
Ea is still higher than 20 kJ/mol. This means that the fundamental mechanisms of hydration are
unchanged in pure C;A-gypsum and multiphase systems the reaction: in any case the reaction is
surface controlled. Moreover, the same trends of increasing Ea with increasing gypsum content are
observed in pure CsA-gypsum and multi-phase systems (except for sample M_2.6%G). The slightly
lower Ea obtained from the calorimetric curves for CzA-gypsum reaction in the presence of alite may
be attributed to the space filling effect due to the presence of alite and its hydrates as it has been
shown in this work that the reduction of the space available for the reaction seems to strongly

influence the aluminate reaction in multiphase systems.

123



4.7 Conclusions on C3S — C3A — gypsum systems

Several changes in the hydration rate of the alite and C3;A-gypsum systems where observed when
hydration occurs in multi-phase systems. However this study showed that the fundamental
mechanisms of the reactions are unchanged. The same phases are formed and similar activation
energies were calculated for the reactions in pure and in multiphase systems. Moreover it was
possible to fit the heat evolution profile of the main peaks of the calorimetric curves of model

cements summing the alite and C;A-gypsum contributions modulo affine transforms.

A strong influence of the gypsum content on the overall hydration kinetics of model cement was
observed. As calcium-sulfate controls the hydration of C3A, the time of occurrence of the formation
of AFm phases depends on the total gypsum amount of the systems. For the systems that contain
low amounts of gypsum, the sulfate ions are consumed before the end of the induction period of
alite and the aluminate reaction occurs first. These so called undersulfated systems are not suitable
in the field since they lead to flash set and slow strength development. For these systems, the
reaction rate of alite was shown to be slowed down during the growth period compare to hydration
in plain alite system. The reason for this could not be clearly explained but a poisoning of the alite by
Al ions or the effect of the presence of aluminate hydrates on the space available for nucleation and
growth of C-S-H can be suggested. When sulfate content is high enough to delay the formation of
AFm after the main alite reaction, the system is called properly sulfated. In this case, an acceleration
of the rate of alite reaction was observed. This acceleration was attributed to the presence of sulfate

ions that modified the kinetics of the reaction.

The C;A-gypsum reaction was also observed to be subject to change in the presence of alite. Due to
the adsorption of sulfates on C-S-H, a second formation of ettringite after the depletion of gypsum
occurs. With the correlation of in-situ XRD and EDS analysis, it was shown that most of the sulfates
adsorbed on C-S-H can be released after the depletion of gypsum to react with C;A to form more
ettringite. In C3S-C;A-gypsum systems ettringite therefore remains stable for several hours after the

gypsum consumption and does not dissolve immediately, as in CzA-gypsum systems.

The microstructural development of the calcium (sulfo) aluminate hydrates is also influenced by the
presence of alite. In pure C;A-gypsum systems AFm phases precipitate in the space between the
grains as platelets but also as a denser hydrate that grow inward from the surface. In addition,
hydrogarnet was observed to form at the surface of the original C;A grains. In the presence of alite,

the dense “inner” hydrate was less obvious and hydrogarnet shells where not observed.
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The microstructural development of the aluminate hydrates is also influenced by the monophase or
polyphase nature of the model systems. In polyphase systems the aluminate hydrates were observed
to precipitate throughout the matrix, whereas, they were observed mainly around the C;A grains in
monophase systems. This result shows the importance of studying and modeling polyphase systems

in order to investigate the microstructural development of cementitious materials.

The heat evolution profile of the C;A-gypsum reaction is significantly modified in the presence of
alite. Three exothermic peaks could be attributed to the aluminate reaction while only one was

observed in C;A-gypsum systems:

= One of these peaks occurs at the time of C;A dissolution and second ettringite formation
after the depletion of gypsum.

= The second one is the main aluminate peak that can be compared to the peak observed in
CsA-gypsum systems. This peak was observed to be broader than the one in C;A-gypsum
systems, probably due to a significant reduction of the space available for the reaction due
to the formation of C-S-H and CH.

= The occurrence of the third exothermic peak was attributed to space constrain as it is

sensitive to changes in w/c ratio.

Systems with different C;A contents were also investigated. This work shows that small changes in
the C;A content do not influence the alite hydration. This result is particularly important for the
development of new blended cements as two of the main routes for the development of new
materials are increasing the mineral additions and the aluminate content in the clinker. However,
great care has to be taken to conserve a sulfate amount high enough to avoid the problem of
undersulfation. Moreover the influence of the temperature has to be taken into account since this
work showed that when systems are sulfated just enough to behave as properly sulfated systems,
they may behave in an undersulfated manner in the field, depending on the temperature. This

because the C;A-gypsum reaction is more sensitive to the temperature that the alite one.

125



References

1.

10.

11.

12.

13.

14,

126

Juilland, P., et al., Dissolution theory applied to the induction period in alite hydration.
Cement and Concrete Research, 2010. 40(6): p. 831-844.

Gartner, E.M,, et al., eds. Structure and Performance of cements, 2nd edition, Chapter 3. Spon
Press ed. 2002.

Kantro, D.L., S. Brunauer, and C.H. Weise, Development of surface in the hydration of calcium
silicates. Il. Extention of investigations to earlier and later stages of hydration. The Journal of
Physical Chemistry, 1962. 66(10): p. 1804-1809.

Stein, H.N. and J.M. Stevels, Influence of silica on the hydration of 3 CaO,Si02

1964. p. 338-346.

Birchall, J.D., A.J. Howard, and J.E. Bailey, On the Hydration of Portland Cement. Proceedings
of the Royal Society of London. Series A, Mathematical and Physical Sciences, 1978.
360(1702): p. 445-453.

Double, D.D., A. Hellawell, and S.J. Perry, The Hydration of Portland Cement. Proceedings of
the Royal Society of London. Series A, Mathematical and Physical Sciences, 1978. 359(1699):
p. 435-451.

Gartner, E.M. and H.M. Jennings, Thermodynamics of Calcium Silicate Hydrates and Their
Solutions. Journal of the American Ceramic Society, 1987. 70(10): p. 743-749.

Skalny, J.P. and J.F. Young, Mechanisms of Portland cement hydration. 7th ISCC, 1:11-1/3-11/45,
1980.

Odler, 1., Lea's Chemistry of Cement and Concrete 4th Edition, Chapter 6 ed. Arnold. 1998,
London.

Odler, I. and H. Dorr, Early hydration of tricalcium silicate Il. The induction period. Cement
and Concrete Research, 1979. 9(3): p. 277-284.

Tardos, M.E., J. Skalny, and R.S. Kalyoncu, Early Hydration of Tricalcium Silicate. Journal of
the American Ceramic Society, 1976.

Young, J.F., H.S. Tong, and R.L. Berger, Compositions of Solutions in Contact with Hydrating
Tricalcium Silicate Pastes. Journal of the American Ceramic Society, 1977. 60(5-6): p. 193-
198.

Garrault-Gauffinet, S. and A. Nonat, Experimental investigation of calcium silicate hydrate (C-
S-H) nucleation. Journal of Crystal Growth, 1999. 200(3-4): p. 565-574.

Garrault, S. and A. Nonat, Hydrated Layer Formation on Tricalcium and Dicalcium Silicate
Surfaces: Experimental Study and Numerical Simulations. Langmuir, 2001. 17(26): p. 8131-
8138.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Thomas, J.J., H.M. Jennings, and J.M. Chen, Influence of nucleation seeding on the hydration
mechanisms of tricalcium silicate and cement. J. Phys. Chem 2009. 113: p. 4327-4334.
Juilland, P., Early Hydration of Cementitious Systems. Thése de Doctorat, Ecole Polytechnique
Fédérale de Lausanne, 2009.

Cabrera, N. and M.M. Levine, On the dislocation theory of evaporation of crystals.
Philosophical Magazine, 1956. 1((5)): p. 450-458.

Bishnoi, S. and K.L. Scrivener, Studying nucleation and growth kinetics of alite hydration using
uic. Cement and Concrete Research, 2009. 39(10): p. 849-860.

Scrivener, K.L., Development of the microstructure during the hydration of Portland cement
Ph.D. Dissertation ,University of London, 1984.

Tenoutasse, N. The hydration mechanism of C3A and C3S in the presence of calcium chloride
and calcium sulfate in The 5th International Symposium on the Chemistry of Cement 1968.
Tokyo.

Corstanje, W.A. and H.N. Stein, L'influence du CaS04.2H20 sur I'hydratation simultanée de
C3A et C3S. Industrie Chimique Belge, 1974. 39(1-6): p. 598-603.

Corstanje, W.A., H.N. Stein, and J.M. Stevels, Hydration reactions in pastes
C35+C3A+CaS04.2aq+H20 at 25°]C.I. Cement and Concrete Research, 1973. 3(6): p. 791-806.
Corstanje, W.A., H.N. Stein, and J.M. Stevels, Hydration reactions in pastes
C35+C3A+CaS04.2aq+water at 25°C. Il. Cement and Concrete Research, 1974. 4(2): p. 193-
202.

Corstanje, W.A., W.N. Stein, and J.M. Stevels, Hydration reactions in pastes C3S + C3A +
CaS04 .2aq. + water at 25°C.1Il. Cement and Concrete Research, 1974. 4(3): p. 417-431.
Regourd, M., H. Hornain, and B. Mortureux, Evidence of calcium silicoaluminates in hydrated
mixtures of tricalcium silicate and tricalcium aluminate. Cement and Concrete Research,
1976. 6(6): p. 733-740.

Hannawayya, F., X-ray diffraction studies of hydration reaction of cement components and
sulfoaluminate (C4A3S) Part IA. Silicates mixed with different components. Materials Science
and Engineering, 1975. 17(1): p. 81-115.

Hannawayya, F., X-ray diffraction studies of hydration reaction of cement components and
sulfoaluminate (C3A3) Part 1B. Aluminates mixed with different components. Materials
Science and Engineering, 1975. 17(2): p. 247-281.

Lerch, W., The influence of gypsum on the hydration and properties of Portland cement

pastes. Proceedings of the American Society for Testing and Materials 1946. 46.

127



29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

128

Minard, H., Etude intégrée des processus d’hydratation, de coagulation, de rigidification et
de prise pour un systéme C3S-C3A-sulfates-alcalins. Thése de Doctorat, Université de
Bourgogne, 2003.

Di Murro, H., Mécanismes d'élaboration de la microstructure des bétons. Thése de Doctorat,
Université de Bourgogne, 2007.

Richardson, I.G., The nature of C-S-H in hardened cements. Cement and Concrete Research,
1999. 29: p. 1131 -1147.

Costoya, M., Synthesis and Hydration Mechanism Study of Tricalcium Silicate Thése de
Doctorat, Ecole Polytechnique Fédérale de Lausanne, 2008.

Hadley, D.W., The nature of the paste aggregate interface. Ph.D. Thesis, Purdue University,
1972.

Hadley, D.W., W.L. Dolch, and S. Diamond, On the occurrence of hollow-shell hydration grains
in hydrated cement paste. Cement and Concrete Research, 2000. 30(1): p. 1-6.

Gallucci, E. and K. Scrivener, Crystallisation of calcium hydroxide in early age model and
ordinary cementitious systems. Cement and Concrete Research, 2007. 37(4): p. 492-501.
Scrivener, K.L. and P.L. Pratt, Microstructural studies of the hydration of C3A and C4AF
independently and in cement paste. Proc. Brit. Ceram. Soc, 1984. 35: p. 207-219.

Gallucci, E., P. Mathur, and K. Scrivener, Microstructural development of early age hydration
shells around cement grains. Cement and Concrete Research, 2010. 40(1): p. 4-13.

Kjellsen, K.O. and H. Justnes, Revisiting the microstructure of hydrated tricalcium silicate--a
comparison to Portland cement. Cement and Concrete Composites, 2004. 26(8): p. 947-956.
Kjellsen, K.O. and B. Lagerblad, Microstructure of tricalcium silicate and Portland cement
systems at middle periods of hydration-development of Hadley grains. Cement and Concrete
Research, 2007. 37(1): p. 13-20.

Kocaba, V., Development and Evaluation of Methods to Follow Microstructural Development
of Cementitious Systems Including Slags. PhD thesis, Ecole Polytechnique Fédérale de
Lausanne 2009.

Sandberg, P. and L.R. Roberts, Studies of Cement-Admixture Interactions Related to
Aluminate Hydration Control by Isothermal Calorimetry,. Seventh CANMET/ACI International
Conference on Superplasticizers and Other Chemical Admixtures in Concrete, SP-217, 2003.
Dunant, C., Internal communication, LMC 2009.

Bizzozero, J., Dimentional stability of calcium aluminate and sulfoaluminate systems. Master
Thesis, Ecole Polytechnique Fédérale de Lausanne 2010.

Chowaniec, O., Internal communication, LMC 2010.



CHAPTER 5 CONCLUSIONS AND PERSPECTIVES

The aim of this thesis was to get insight into the hydration reaction of C;A — gypsum systems alone

and in the presence of alite.

5.1 G5A- gypsum systems

The role of the specific surface area of C;A as well as the high activation energies calculated for the
Cs;A-gypsum reaction during the first stage of the reaction suggest that this reaction is surface
controlled. These results are in agreement with the findings of Minard et al. [1] that show that the
dissolution of C;A is the rate controlling mechanisms during the first stage of the reaction when

sulfate ions are present in solution.

New results were obtained on the second stage of the reaction, when gypsum is depleted.

= |t was shown that the dissolution of C;A and ettringite to form monosulfoaluminate is a rapid
reaction that takes place right after the depletion of gypsum. This means that ettringite is not
stable rapidly after the depletion of gypsum.

= The second stage of the reaction is characterized by a sharp exothermic peak on the heat
evolution profile. The acceleration of the reaction rate was shown to be highly influenced by
the exposed surface area of the reacting C;A particles (which depends on the specific surface
area of the C;A but also on the amount of hydrates that fill the space). The activation energy
calculated for the second stage of the reaction are coherent with surface controlled reaction.
The deceleration period was shown to be controlled by a space filling effect due to
impingement of the AFm platelets. The different deceleration rates observed for different
gypsum additions are coherent with the different morphologies of the AFm platelets
depending on the gypsum content. Longer AFm platelets, which imply a faster deceleration
rate, were observed for samples with lower gypsum additions.

= This study also shows that the chemical composition of the AFm phases that precipitate
depends on the gypsum content of the original mix. All the solid solution series (with

miscibility gap) between hydroxy-AFm and monosulfoaluminate can form.
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Hydrogarnet was observed at later ages in some systems. This phase precipitated at the
original grain boundaries as a rim around the hydrating C;A grain.

Finally the formation of a dense hydrate within the C3;A grain boundaries was observed. The
presence of this hydrate, which composition is close to the one of the AFm platelets that
form in the matrix, becomes less obvious at later ages. A re-crystallization as matrix hydrate

or hydrogarnet is hypothesized.

5.2 GCsA- gypsum hydration in the presence of alite

When C;A-gypsum hydration occurs in the presence of alite, some of the features observed in plain

CsA-gypsum system are subject to change.
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The heat evolution profile of C;A-gypsum reaction is significantly modified in the presence of
alite. Three exothermic peaks that can be attributed to the aluminate reaction could be
observed instead of one in C;A-gypsum systems. This multiplication of the peaks was
attributed to the fact that C;A and ettringite do not dissolve simultaneously and to the
reduction of the space available for the reaction due to the presence of C-S-H and CH.

The dissolution of C;A and ettringite after the depletion of gypsum occur at slower rate
compare to C;A-gypsum systems. Moreover these dissolutions do not occur simultaneously.
This work clearly shows that while C;A starts to dissolve right after the depletion of gypsum,
ettringite continues to form during a few hours. This second formation of ettringite is due to
the reaction of C;A with the sulfate ions that were adsorbed on C-S-H. The analysis of the
chemical composition of C-S-H at different ages showed that some of the sulfate ions
adsorbed on C-S-H at early ages can be released to form more ettringite after the depletion
of gypsum. The shoulder observed on the alite calorimetric peak is associated with this
phenomenon.

As in C;A-gypsum systems, ettringite is the main aluminate hydrate that forms when sulfate
ions are still available and AFm phases (hydroxy-AFm and/or monosulfoaluminate) form
afterwards. The morphology of the AFm platelets was also observed to be related to the
original gypsum content even though the differences were less pronounced that in C;A-
gypsum systems probably because the space filling is more dominated by the alite products.
The formation of a dense inner calcium sulfo aluminate product in the presence of alite was
less obvious that in C3A-gypsum systems observed and it was observed only for monophase
systems where the aluminate hydrates preferentially form around C;A grains. Hydrogarnet

rims were never observed, even after 28 days of hydration.



= Even though several changes in the hydration kinetics were observed between the C3A-
gypsum and the multi-phase systems, this study showed that the fundamental mechanisms
of the reaction are unchanged. The same phases are formed and similar activation energies

were calculated for the reactions in pure and in multiphase systems

5.3 Effect of the presence of C;A- gypsum on alite hydration

Although alite is the major phase, its hydration kinetics is also modified when hydration occurs in the
presence of C;A-gypsum. Depending on the undersulfated or properly sulfated nature of the systems
different effects were observed.
=  For undersulfated systems, when the aluminate reaction occurs before the alite one, this last
reaction is slowed down during the C-S-H growth period compared to the hydration of alite
in single phase system.
= In the case of properly sulfated cements the kinetics of alite hydration in the same period is
accelerated. A similar acceleration was observed in alite-gypsum systems. Therefore it is
hypothesized that the absorption of sulfate ions on C-S-H is responsible for the modification

of the kinetics during the nucleation and growth period.
5.4 Perspectives

Concerning Cs;A- calcium sulfate systems, only the hydration of C;A with gypsum was studied in the
present work. As in Portland cement other sulfate sources are present, future works should
investigate C;A- hemihydrate and C;A-gypsum-hemihydrate systems. Pourchet et al. showed that the
early hydration kinetics of C;A — calcium sulfate is modified depending on the sulfate type added [2].
The formation of the hydrogarnet shell around C;A grains was hypothesized to be related to the
formation of Afm phases in the very early ages. As this occurs only in the presence of gypsum[2], the
study of the microstructural development of C;A-hemihydrate systems could be therefore of

interest.

The role of calcium sulfate on alite hydration was only little investigated in the present study. As
understanding the phenomenon of “the optimum gypsum content” is of great interest especially for

the development of new *mix designs, a more complete study on this subject should be considered.

In this thesis, alite-C;A-gypsum systems were investigated. The next step of the study toward real

systems should include alkali in the mix design as they are known to strongly influence cement
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hydration [3, 4]. Their role on the hydration kinetics and the microstructural development of alite

and C;A-gypsum as well as alite-CzA-gypsum systems could be another field of major interest.

Finally, investigations of the influence of belite and ferrite phases on the early hydration of alite-C;A-

gypsum systems should be considered.
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ANNEXE 1 REFERENCES OF THE RAW MATERIALS USED FOR

POWDER SYNTHESIS

Table A: References of the raw materials used for powder synthesis

Product | Supplier Name of the product Reference number
CaCOs; Merck Calcium Carbonate pour analyse Reag. Ph Eur ( 1kg) 1.02066.1000
SiO, Merck Silicon dioxide (5kg) 1.13126.5000
Al,O; Merck Aluminium Oxide anhydrous (1kg) 1.01095.1000
MgO Merck Magnesium oxide (100g) 1.05866.0100
Gypsum Merck Calcium sulfate dihydrate 500g 1.02161.0500
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